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Abstract 
Ageing in the absence of disease is associated with reduced cognitive function. Cognitive 
function depends on the integrated operation of large-scale distributed brain networks. In this 
thesis I use structural and functional magnetic resonance imaging to test the hypothesis that 
age related cognitive decline arises from disruption to the integrated operation of large-scale 
networks, and the disrupted operation of these networks is associated with structural 
disconnection to white matter tracts. There are five studies presented in this thesis. The first 
study demonstrates that from middle-age onwards there are reduced grey and white matter 
volumes and increased damage to widespread regions of white matter, suggesting 
disconnection across many neuronal networks. In the second study, analysis of thalamo-
cortical connectivity reveals a reduced volume of thalamo-frontal projections with age that 
follows an allometric scaling law and predicts a decline in executive function. Next, I show 
that disruption in functional and structural connectivity within large-scale networks that 
occupy regions within the frontal lobe predict age–related differences in cognition.  Reduced 
functional connectivity at the level of the frontal lobe within these networks is associated 
with micro-structural damage to widespread white matter pathways, suggesting that white 
matter damage in remote networks can disrupt interconnectivity within other networks. I then 
investigate the effect of age-related white matter damage on large-scale network function and 
behaviour using a response inhibition task. I demonstrate that older adults fail to deactivate 
the Default Mode Network during response inhibition. Failure to deactivate the DMN is 
associated with impaired inhibitory performance. Regulation of the DMN is predicted by the 
structural integrity within a remote brain network, the Salience Network. This work identifies 
DMN dysfunction as an underlying factor in cognitive deficits associated with increasing age, 
and confirms that white matter damage interrupts the interaction between large-scale 
networks in the ageing brain. 
4 
 
Acknowledgements 
 
I sincerely thank my supervisors, Professor David Sharp and Professor Serena Counsell for 
their valuable advice, time and much needed support throughout this thesis. 
I also thank my work and PhD colleagues, without whom I would have lost all sense of 
humour and without which, I may have given up. 
 
 
This thesis is dedicated to Vern and Ayla, both wonderful and much appreciated distractors to 
PhD life. 
 
 
 
 
 
 
 
 
 
 
5 
 
Table of Contents 
Title page            1                                                                                                  
Declaration of originality         2 
Abstract                             3 
Acknowledgements          5 
Table of Contents          6 
List of Figures           15 
List of Tables           19 
Abbreviations           20 
 
Chapter 1: Introduction         25 
1.0 Introduction          25 
1.1 Magnetic Resonance Imaging        25 
1.2 The frontal ageing hypothesis        27 
1.3 Neuronal networks         28 
   1.3.1 Thalamo-cortical networks        29 
   1.3.2 Intrinsic connectivity networks       29 
   1.3.3 Network interaction and cognitive control      31 
1.4 Aims           32 
1.5 Hypothesis          33 
 
Chapter 2: The ageing brain        34 
2.1 Ageing and cognitive function        34 
6 
 
   2.1.1 Mechanisms of age-related cognitive decline     36 
2.2 The frontal ageing hypothesis        37 
   2.2.1 Grey matter changes with increasing age      38 
   2.2.2 White matter changes with increasing age       41 
 2.2.2.1 White matter lesions observed in the ageing brain    43  
   2.2.3 Diffusion imaging assessment of white matter in the ageing brain   45 
2.3 Neuronal networks         47 
   2.3.1 Thalamo-cortical networks        48 
   2.3.2 Intrinsic connectivity networks       51 
      2.3.2.1 Network functional connectivity and increasing age    52 
      2.3.2.2 Network structural connectivity and increasing age    53 
   2.3.3 Interaction between cognitive control networks and cognition    54 
 
Chapter 3: Background         60 
3.1 Magnetic Resonance Imaging        60 
   3.1.1 Relaxation          62 
   3.1.2 The spin echo          63 
   3.1.3 Image formation and spatial encoding      65 
   3.1.4 Slice selection          65 
   3.1.5 Frequency encoding         67 
   3.1.6 Phase encoding         67 
   3.1.7 Image contrast          68 
   3.1.8 T1 weighting          68 
7 
 
   3.1.9 T2 weighting          69 
   3.1.10 Fluid Attenuated Inversion Recovery (FLAIR)     70 
   3.1.11 Echo-planar imaging        73 
3.2 Structural analysis         74 
   3.2.1 Image registration         74 
 3.2.1.1 Linear registration        75 
 3.2.1.2 Non-linear registration       76 
   3.2.2 Tissue segmentation         77 
   3.2.3 Sub-cortical shape analysis        79 
3.3 Diffusion weighted MRI         81 
   3.3.1 Diffusion Tensor Imaging         85 
   3.3.2 Quantitative measures of diffusion tensor imaging     87 
   3.3.3 Diffusion Tractography        89 
   3.3.4 Tract based spatial statistics         92 
3.4 Functional magnetic resonance imaging        94 
   3.4.1 Haemodynamic response function       97 
   3.4.2 Extracting the functional MR signal       99 
   3.4.3 Motion correction         99 
   3.4.4 Slice timing correction        100 
   3.4.5 Spatial filtering         100 
3.4.6 Temporal filtering         101 
   3.4.7 The General Linear Model                              102 
   3.4.8 Gaussian Random Field Theory       104 
8 
 
   3.4.9 Group fMRI-Fixed, Random and Mixed effects analysis    106 
   3.4.10 Independent component analysis       107 
      3.4.10.1 Dual regression         110 
   3.4.11 Seed Based correlational analysis       111 
3.5 Assessments of cognitive function       113 
   3.5.1 The mini mental state examination       114 
   3.5.2 Wechsler adult intelligence scale       114 
      3.5.2.1 Wechsler test of adult reading       115 
      3.5.2.2 Wechsler adult intelligence scale of verbal comprehension-Similarities  115 
      3.5.2.3 Wechsler adult intelligence scale of working memory-Digit span  116 
      3.5.2.4 Wechsler adult intelligence scale of non-verbal reasoning-Matrix Reasoning 117 
      3.5.2.5 Wechsler adult intelligence scale of verbal memory     119 
   3.5.3 The Delis Kaplan executive function system      119 
      3.5.3.1 Delis Kaplan executive function system- Trail Making Tests A and B  120        
     3.5.3.2 Delis Kaplan executive function system-Colour-word interference test  120  
      3.5.3.3 Delis Kaplan executive function system-Verbal fluency test   121 
   3.5.4 People Test-Verbal recall- immediate and delayed     122 
    
Chapter 4: Assessment of brain macro-structural and micro-structural changes in 
                   healthy ageing.          124 
4.0 Introduction          124 
4.1 Aims           125 
4.2 Hypothesis          125 
9 
 
4.3 Methods           126 
   4.3.1 Participants          126 
   4.3.2 Magnetic Resonance Imaging       126 
   4.3.3 Assessment of brain volume        127 
   4.3.4 Assessment of white matter micro-structure using tract based spatial   
            statistics.          128 
4.4 Results           129 
   4.4.1 Brian volume changes with increasing age      129 
   4.4.2 White matter micro-structural changes with increasing age    130 
      4.4.2.1 Fractional Anisotropy differences between the older and younger groups 130 
      4.4.2.2 Radial diffusivity differences between the older and younger groups  134 
      4.4.2.3. Axial diffusivity differences between the older and younger groups  136 
4.5 Discussion           140 
   
Chapter 5: Assessment of thalamic volume and shape with increasing age  145 
5.0 Introduction          145 
5.1 Aims           147 
5.2 Hypothesis          147 
5.3 Methods           148 
   5.3.1 Participants          148 
   5.3.2 Magnetic resonance imaging        148 
   5.3.3 Image analysis         148 
      5.3.3.1 Thalamic segmentation and vertex analysis     149 
10 
 
      5.3.3.2 Thalamic volume         150 
      5.3.3.3 Parcellated thalamic diffusivity and volume measures using connectivity based    
                  thalamic parcellation        150 
      5.3.3.4 Fractional anisotropy and mean diffusivity in thalamo-cortical 
                  white matter tracts        151   
   5.3.4 Statistical analysis          152  
5.4 Results           153 
   5.4.1 Whole thalamus volume and DTI measures with increasing age   153 
   5.4.2 Cortical volume         153 
   5.4.3 Thalamo-cortical connectivity       155 
   5.4.4 Volumes of thalamo-cortical projections      159 
   5.4.5 Thalamic shape change with increasing age      162 
   5.4.6 Allometric scaling in the frontal thalamo-cortical unit    164 
   5.4.7 Fractional anisotropy and mean diffusivity in thalamo-cortical white matter tracts  165 
5.5 Discussion           167 
 
Chapter 6: Assessment of thalamo-frontal connectivity and executive performance 171 
6.0 Introduction, aims and hypothesis       171 
6.1 Methods           172 
   6.1.1 Participants          172 
   6.1.2 Magnetic Resonance Imaging       172 
   6.1.3 Tests of Executive Performance       172 
   6.1.4 Statistical analysis         173 
11 
 
6.2 Results           174 
6.3 Discussion           176 
 
Chapter 7: Disruption to co-ordinated activity in the medial frontal nodes of intrinsic 
connectivity networks is associated with global white matter damage and cognitive 
decline.              178 
7.0 Introduction          178 
7.1 Aims           180 
7.2 Hypothesis          180 
7.3 Methods           181 
   7.3.1 Participants          181 
   7.3.2 Magnetic Resonance Imaging       181 
   7.3.3 Extraction of intrinsic connectivity networks using independent component    
 analysis.          182    
   7.3.4 Functional connectivity analysis in the participant group    183      
   7.3.5 Diffusion tensor imaging analysis       184 
   7.3.6 Neuropsychological assessments       184 
7.4 Results           186     
   7.4.1 Cognition and ageing         186 
   7.4.2 Identification of intrinsic connectivity networks using independent component  
            analysis.           187 
   7.4.3 Ageing is associated with reduced functional connectivity in anterior and 
 posterior nodes of intrinsic connectivity networks.     189 
   7.4.4 Functional connectivity differences in Default Mode Network and Salience Network 
            are associated with wide spread regions of white matter FA.       190     
   7.4.5 Structural and functional connectivity reductions in the Default Mode Network  
12 
 
            and Salience Network  predict age differences in executive function     192            
7.5 Discussion           197 
 
Chapter 8: Structural damage to the Salience Network alters Default Mode Network 
activity and inhibitory behaviour in older adults.      200 
8.0 Introduction          201 
8.1 Aims           201 
8.2 Hypothesis          201 
8.3 Methods           202 
   8.3.1 Participants          202 
   8.3.2 Magnetic Resonance Imaging       202 
   8.3.3 Stop Signal Task         203 
   8.3.4 Whole brain functional MRI analysis       206 
   8.3.5 Region of interest analysis        207 
   8.3.6 Diffusion Tensor Imaging analysis       208 
   8.3.7 Generation of the white matter tracts       209    
  8.3.8 Behaviour and Default Mode Network activity     209 
8.4 Results           211 
   8.4.1Age related inefficiencies in behaviour and the Stop Signal Task    211 
   8.4.2 Successful stopping is associated with activation of the Salience Network and    
           deactivation of the Default Mode Network.      212 
   8.4.3 Age-related reduction of Default Mode Network deactivation   214 
   8.4.4 Reduced structural integrity in the connections of the Salience Network predicts  
            Default Mode Network deactivation in the group.        215 
13 
 
   8.4.5 Reduced structural integrity in the Salience network is associated with Stop Signal  
            Reaction Time.           218 
   8.4.6 Default Mode Network function predicts age-related changes in Stop Signal Task  
            performance            220 
8.5 Discussion           224 
Chapter 9: Conclusion          226 
9.1 The frontal ageing hypothesis                              226 
9.2 Default Mode Network dysfunction and ageing                 228 
9.3 The Salience network         229 
References           233 
   
 
   
  
 
 
 
 
 
 
 
 
 
 
14 
 
List of Figures 
 
Figure 2.1: Cross-sectional ageing data showing behavioural performance on measures  
 of speed of processing, working memory, long-term memory, and world knowledge. 35 
 
Figure 2.2: Cortical neuron spines in young and aged non-human primates   39 
Figure 2.3: Axial, T1 weighted MRI of the brain showing  differences  between young (A) 
and old (94 years) without dementia (B) and old 77years  with dementia (C).  41 
Figure 2.4: Cross section through myelinated axons in a younger (A) and older brain (B) 42 
Figure 2.5: Axial Flair MRI imaging of the human brain showing cerebral white matter 
disease at different stages of severity.       43 
Figure 2.6: Slice of a human brain (one hemisphere only) in luxol fast blue staining. 44 
Figure 2.7: Schematic diagram of thalamic nuclei and their projections.   49 
Figure 2.8 From the fluctuating patterns of intrinsic activity seen in the human brain with 
fMRI BOLD imaging, patterns of spatial coherence within known brain systems can be 
extracted.           52 
Figure 2.9: The Dorsal Attention Network (DAN) and Fronto-Parietal Control Network 
(FPCN) activated during attention to an external salient cue.    56 
Figure 2.10 The Salient Network (SN) and Default Mode Network (DMN).  58 
Figure 3.1: The effect of a static magnetic field on the magnetic moment of hydrogen  
nuclei.            61 
 
Figure 3.2: The spin echo.         64 
15 
 
Figure 3.3: Slice selection         66 
Figure 3.4: T1 Relaxation.         69 
Figure 3.5: T2 Decay curves.         70 
Figure 3.6: Fluid Attenuated Inversion Recovery pulse     72 
Figure 3.7: The Echo Planar Pulse Sequence.      73 
Figure 3.8:   A non-linear transform can be modelled using a smooth approximation of 
deformations of regularly spaced control points.      76 
Figure 3.9 Histogram of voxels versus voxel intensity     78 
Figure 3.10 Mean surface for thalamus       80 
Figure 3.11: Diagram of a simplified Stejaskal-Tanner pulsed field gradient diffusion 
weighted spin echo sequence         83 
Figure 3.12: The Diffusion ellipsoid representing anisotropic diffusion.   87 
Figure 3.13: Abstract representation of tensors in a 4 × 4 grid.    91 
Figure 3.14: Generating the FA skeleton in TBSS.      94 
Figure 3.15: The BOLD Effect        96 
Figure 3.16: The haemodynamic response.       98 
Figure 3.17: Spatial filtering         101 
Figure 3.18: Liner model and matrix design for two explanatory variables.   103 
Figure 3.19: The effect of smoothing the fMRI data with a FWHM Gaussian kernel. 105 
16 
 
Figure 3.20: Independent component analysis decomposes the 4D fMRI data into 2D 
statistically independent spatial and associated time series maps.    109 
Figure 3.21: Example of a test matrix used in the Matrix Reasoning Test.   118 
Figure 3.22. Example of a Colour Word Interference Test card.    121 
Figure 4.1: Regression plot of normalised whole brain volume against age   129 
Figure 4.2: Regression plot of normalised whole brain grey matter volume against age 130 
Figure 4.3: Regression plot of normalised whole brain white matter volume against age 131 
Figure 4.4: Regions of white matter showing decreased FA in older compared to younger 
brains.            133 
Figure 4.5: Regions of white matter showing increased MD in older compared to younger 
brains.            135 
Figure 4.6: Regions of white matter showing increased AD in older compared to younger 
brains.            137 
Figure 5.1: Scatter plots of cortical volumes against age.      154 
Figure 5.2: Mean thalamo-cortical projections in MNI space.       156 
Figure 5.3: Regression plots showing the relationship between age and MD in the thalmo-
cortical projections.          158 
Figure 5.4: Regression plots showing age against volume in thalamo-cortical projections. 161 
Figure 5.5: Shape change in the thalami with increasing age.    163 
Figure 5.6: Allometric scaling of thalmo-frontal volume.     165 
17 
 
Figure 6.1: Thalamo-frontal cortical volume predicts executive function.              175 
Figure 7.1: Intrinsic connectivity networks.                  188 
Figure 7.2: Age-related functional connectivity reduction in Intrinsic Connectivity  
Networks.                      189
                   
Figure 7.3: Regions of white matter FA associated with reduced functional  
connectivity in the DMN and  SN on MNI space.                 191 
Figure 7.4: Reduced functional connectivity and cognitive performance.              193 
Figure 7.5: Reduced structural connectivity and cognitive performance.              194 
Figure 7.6: Whole brain white matter FA predicts speed of processing.               195 
Figure 8.1: The Stop Signal Task                   205 
Figure 8.2: Whole brain functional analysis.                  213 
Figure 8.3: Region of interest analysis.                  214 
Figure 8.4: Comparison of white matter structure between young and old adults.             216 
Figure 8.5: Salience Network structural integrity predicts precu/PCC deactivation in the 
DMN in older adults.                     218 
Figure 8.6: Disruption of DMN coupling during successful stopping.              221 
Figure 9.1: Network model of SN and DMN interaction during higher cognitive demand in 
young and old groups.                    231 
 
 
18 
 
List of Tables 
Table 1: The cognitive domains and specific tests used to measure cognitive ability. 113 
Table 2: A list of major white matter tracts where FA was decreased, and RD and AD  
was increased in the older group compared to the younger group.      139 
Table 3: Results of linear and robust regression analysis of MD in the thalamo-cortical 
projections with increasing age.        157 
Table 4: Results of linear and robust regression analysis of volumes of the thalamo-cortical 
projections with increasing age.        160 
Table 5: Results of the neuropsychological assessments.     186 
Table 6: Results for the regression analysis between age differences in cognition with 
functional and structural connectivity in the Default Mode Network (DMN), Salience 
Network (SN), the Lateral Visual Network (LVN) and whole brain white matter FA 
measures.           196 
Table 7: MNI co-ordinates of brain regions showing increased activation on StC>go trials, 
and deactivation for StC>go trails based on our previous work (Bonnelle et al., 2012). 207 
Table 8: Behavioural results for the younger (N=17) and older group (N=26) for the stop 
signal task (SST).            211 
Table 9: Structural integrity of the Salience Network predicts stop signal reaction time 
(SSRT) in older adults.         219 
 
 
 
19 
 
Abbreviations 
Apparent Diffusion Coefficient     ADC 
Attention Deficit Hyperactivity Disorder    ADHD 
Anterior limb of the internal capsule     ALIC 
Axial Diffusivity       AD 
Blood Flow        BF 
Blood Oxygen Level Dependent     BOLD 
Blood Volume       BV 
Brain Extraction Tool       BET 
Cerebral blood flow       CBF 
Cerebral spinal fluid       CSF 
Cortico-spinal Tracts       CST 
Default Mode Network      DMN 
Degrees of freedom       DOF 
Delis-Kaplan Executive Function System    D-KEFS 
Diffusion Tensor Imaging      DTI 
Dorsal Anterior Cingulate Cortex     dACC 
dorsal anterior cingulate cortex/pre supplementary motor area dACC/preSMA 
Dorsal Attention Network      DAN 
Echo Planar Imaging       EPI 
electromotive force       EMF 
Euler Characteristic        EC 
Explanatory variable       EV 
False Discovery Rate       FDR 
Fast Spin Echo       FSE 
field induction decay       FID 
Field of view        FOV 
20 
 
Fluid Attenuated Inversion Recovery     FLAIR 
FMRI Expert Analysis Tool      FEAT 
FMRIB’s Automated Segmentation Tool    FAST 
FMRIB’s diffusion tool box      FDT 
FMRIB’s Improved Linear Model     FILM 
FMRIB’s Integrated Registration and Segmentation Tool  FIRST 
FMRIB’s Linear Image Registration Tool    FLIRT 
FMRIB’s Local Analysis of Mixed Effects    FLAME 
FMRIB’s non-linear Image Registration Tool   FNIRT 
FMRIB’s Software Library      FSL 
Four dimensional        4D 
Fractional Anisotropy       FA 
Fronto-Parietal Control Network     FPCN 
Full Width Half Maximum      FWHM 
Functional Magnetic Resonance Imaging    fMRI 
Gaussian Random Field      GRF 
General Linear Model       GLM 
Haemodynamic Response Function     HRF 
Independent Component      IC 
Independent Component Analysis     ICA 
Intelligence Quota       IQ 
Intra individual variability      IIV 
Intrinsic Connectivity Network     ICN 
Inversion recovery       IR 
Inversion time        TI 
Lateral Visual Network      LVN 
Left         L 
21 
 
Left insula        L_Ins 
Magnetic Resonance Imaging     MRI 
Magnetization-prepared rapid acquisition with gradient echo MPRAGE 
Mean Diffusivity       MD 
millimetre        mm 
milliseconds        ms 
Mini Mental State Examination     MMSE 
Montreal Neurological Institute     MNI 
Multivariate Exploratory Linear Optimized- 
Decomposition into Independent Components   MELODIC 
net magnetic vector       NMV  
Oxygen extraction fraction      OEF 
Parameter Estimate       PE 
Partial volume estimation      pve 
Posterior limb of the internal capsule     PLIC 
precuneus/ posterior cingulate cortex     precu/PCC 
Pre-supplementary motor area     preSMA 
Primary Visual Network      PVN 
Probability density functions      pdfs 
Radial Diffusivity       RD 
radio frequency       RF 
Reaction time        RT 
Region of interest       ROI 
Resting State Network      RSN 
Right         R 
Right frontal eye fields      rFEF 
Right inferior frontal gyrus      rIFG 
22 
 
Right Insula        R_Ins 
Right Intra-patietal sulcus      rIPS 
Right tempro-parietal junction     rTPJ 
Salience Network       SN 
seconds        s 
Sensitivity encoding       SENSE 
Spin Echo        SE 
Spin-lattice relaxation time      T1 
Spin-spin relaxation time      T2 
Standard Deviation       sd 
Stop Correct        StC 
Stop Incorrect        StI 
Stop Signal Delay       SSD 
STOP Signal Reaction Time      SSRT 
Stop Signal Task       SST 
Structural Image Evaluation (with Normalisation) of Atrophy SIENAX 
Tesla         T 
Three dimensional       3D 
Threshold Free Cluster Enhancement     TFCE 
Time to echo        TE 
Time to repeat        TR 
Tract based Spatial Statistics      TBSS 
Trail Making Test       TMT 
Traumatic Brain Injury      TBI 
Turbo Spin Echo       TSE 
Ventral Attention Network      VAN 
ventromedial prefrontal cortex     vmPFC 
23 
 
Weschler Adult Intelligence Scale     WAIS 
Weschler Test of Adult Reading     WTAR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
24 
 
Chapter 1 
1.0 Introduction 
Population ageing is pervasive in developed Countries.  By 2030, it is expected that there will 
be 1 billion adults aged 65 world-wide, compared to 500 million at present (National Institute 
on Ageing, 2007). This has major implications for both individuals and society.  Adults aged 
85 and older have a dementia rate of nearly 50% (Hebert et al., 2003), with a very high cost 
to affected individuals and families, as well as to limited medical resources. A proposed 
increase in the retirement age in Great Britain, to 67 by 2028, and to 68 by 2046, will mean 
that many more people will have to work longer. This will require cognitive ability akin to 
their younger work colleagues to maintain productive, independent, and high-quality 
lifestyles.  Even in the absence of disease, ageing is associated with varying degrees of 
cognitive decline, especially within the domains of memory, speed of processing and 
executive function (Park and Reuter-Lorenz, 2009).  Preservation of cognitive function is 
therefore becoming increasingly important to healthy ageing. A key challenge within research 
has been to understand the neurobiological causes of age-related decline in cognitive 
impairment.  The primary objective of this thesis is to assess the structural and functional 
connectivity of the ageing brain and its impact on cognitive control using magnetic resonance 
imaging (MRI).  
 
1.1 Magnetic Resonance Imaging 
MRI can provide detailed non-invasive images of the brain, and has transformed clinical 
practice and research into functional and structural brain changes in health and disease. 
Macro-structural, micro-structural and functional changes within the brain can be 
investigated in vivo by means of diffusion tensor imaging (DTI) and functional magnetic 
25 
 
resonance imaging (fMRI).  Diffusion MRI assesses the motion of water molecules in tissue 
and as such can infer tissue micro-structural properties (Le Bihan, 1995; Stejskal, 1965). In 
cerebral white matter water diffuses preferentially along the direction of axons and is 
relatively restricted perpendicular to axons, a phenomenon known as anisotropy. Quantitative 
measures derived from DTI can be used to evaluate brain physiology and micro-structure in 
vivo (Johansen-Berg, 2009).  These objective measures can therefore provide insight into 
mechanisms of brain tissue damage with increasing age.  
Functional magnetic resonance imaging (fMRI) can be used to elucidate the function of 
neural systems in vivo. Neural activity results in changes in blood oxygenation levels in 
different regions of the brain depending on the task involved. As blood flow is tightly 
coupled to neuronal firing (Logothetis et al., 2001), fMRI can detect changes in blood 
oxygenation levels, called the blood oxygen level dependent (BOLD) contrast. Changes in 
the BOLD signal reveal the spatial extent and magnitude of functional activity in neuronal 
networks.  Spontaneous fluctuations in low frequency oscillations in the BOLD signal can 
also be identified in the absence of an external stimulus (Biswal et al., 1995). In humans, 
these spontaneous fluctuations are temporally coherent within widely distributed cortical 
systems that represent the functional architecture of responses evoked by experimentally 
administered tasks (Damoiseaux et al., 2006; Fox et al., 2005). These networks of intrinsic 
temporally coherent fluctuations have been termed resting state networks or intrinsic 
connectivity networks (ICNs). Investigations into the functional and structural connectivity 
changes within ICNs may help to elucidate the neuroanatomical correlates of cognitive 
decline with age. 
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1.2 The frontal ageing hypothesis 
The frontal ageing hypothesis is based on the assumption that age-related brain changes 
selectively impact frontal regions, and predicts that functions largely dependent on frontal 
regions of the brain decline with increasing age (Albert, 1980). This regional view of 
cognitive decline with increasing age is supported by a wide variety of research domains, 
including structural and functional neuroimaging (Giorgio et al., 2010; Grady, 2000; Salat et 
al., 2004; West and Alain, 2000).  
Structural MRI studies in the ageing brain have demonstrated that grey matter volume shows 
pronounced atrophy, which begins in early adulthood and then proceeds linearly into old age 
(Giorgio et al 2010; Walhovd et al., 2005). The most widespread cortical changes are found 
from middle age onwards with the frontal cortex showing the greatest change and earliest 
onset of grey matter loss (Bergfield et al., 2010; Giorgio et al., 2010). In contrast, white 
matter volume demonstrates a non-linear relationship with age, showing an increase in 
volume until middle age where it plateaus and then decreases (Giorgio et al., 2010; Walhovd 
et al., 2005). White matter volume reductions in older age groups have also been 
demonstrated predominately in frontal white matter (Bergfield et al., 2010).  
Efficient information processing between brain regions relies on the integrity of white matter 
tracts (Deary et al, 2010; Neubauer & Fink, 2009). Disconnection of white matter pathways 
due to age-related white matter damage (O’Sullivan et al., 2001) results in inefficient 
cognitive control (Madden et al., 2009). It is unclear whether white matter damage is uniform 
across the brain or whether accelerated white matter degeneration is localised to particular 
brain regions, as would support the frontal-ageing hypothesis (Salat et al., 2005).  Diffusion 
MRI measures in white matter show some evidence for greater damage in anterior regions 
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than posterior regions (Jernigan et al., 2001; Raz et al., 1997; Salat et al., 2005a) while others 
have failed to show such differences (Charlton et al., 2006; Nusbaum et al., 2001).  
Post mortem studies have demonstrated demyelination throughout the white matter in the 
ageing brain suggesting widespread disconnection of white matter tracts.  Animal studies 
propose that the increase in  myelin production that has been observed in middle age is sub-
optimal, with the increased myelin showing greater susceptibility for splitting and is therefore 
micro-structurally damaged (Lazzarini, 2004; Peters, 2002). It is possible that, from middle 
age on-wards, cognitive decline may be due to a reduction in both white and grey matter 
volume with widespread white matter damage. 
 
1.3 Neuronal networks 
The neural bases for cognitive decline are complex and its explanation by a single factor, 
such as frontal lobe damage is likely to be over simplistic (Greenwood, 2000). Individual 
regions of the brain do not act independently of each other. Cognitive control networks are 
composed of groups of neurons in the brain that work together to perform a broad range of 
mental processes to guide and control behaviour (Bressler and Menon, 2010).  These 
networks are functionally and structurally coherent and a disruption to brain tissue can alter 
their coherence and hence impact on cognition (Andrews-Hanna et al., 2007). It may 
therefore be more appropriate to relate cognitive functions to properties of a network rather 
than specific brain regions. 
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1.3.1 Thalamo-cortical networks 
The thalamus has reciprocal connections to the cortex of the brain. It acts as a relay station 
that modulates and gates information from the sensory and motor areas of the brain to and 
from the cerebral cortex. It is divided into cytoarchitectonically distinct nuclei which have 
different patterns of anatomical connectivity that are well characterised for primates (Guillery 
and Sherman, 2002; Jones, 1985). There is evidence for regional variation of micro-structural 
damage within the thalamus, with anterior regions of the thalamus showing greater change 
than posterior regions (Ota et al., 2007), resulting in a break down in thalamo-cortical 
networks. It is possible that macro- and micro-structural alterations in the thalamo-cortical 
networks contribute to age-related cognitive decline. However, no study has investigated the 
effects of ageing on the macro- and micro-structure of the thalamus based on its connectivity 
to the cortex and its impact on cognition.  
 
1.3.2 Intrinsic connectivity networks 
A key hypothesis for age related cognitive impairment is that activity within Intrinsic 
Connectivity Networks (ICNs) becomes less co-ordinated as individuals age (Damoiseaux et 
al., 2008) and the disruption to the co-ordinated activity across the ICNs is mediated by 
cortical "disconnection" due to damage to white matter fibres  (O'Sullivan et al., 2001). To 
date, the Default Mode Network (DMN) is the most comprehensively studied ICN in ageing 
(Andrews-Hanna et al., 2007; Chen et al., 2009; Damoiseaux et al., 2008; Teipel et al., 2010). 
However, the impact of functional and structural connectivity within other ICNs together 
with its impact on cognitive control has not been assessed (Andrews-Hanna et al., 2007; 
Onoda et al., 2012). 
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Age-related disruption in functional connectivity of the DMN is correlated with cognitive 
deficits in a number of domains including attention, processing speed, episodic memory and 
executive function (Damoiseaux et al., 2008; Greicius et al., 2009; Andrews-Hanna et al., 
2007). Age–related alterations in functional connectivity have also been observed in other 
large scale cognitive ICNs, such as the Dorsal Attention Network (DAN), the Fronto-Parietal 
Control Network (FPCN), the DMN (Andrews-Hanna et al., 2007) and recently the Salience 
Network (SN) (Onoda et al., 2012).  The relationship between age-related changes in 
functional connectivity and cognitive ability in these ICNs has not yet been explored.  
The DMN shows reduced functional connectivity across the anterior and posterior parts of 
the network in older brains (Andrews-Hanna et al., 2007). However the cortical regions 
within other networks that demonstrate reduced functional connectivity have not been 
ascertained. As it is thought that the frontal lobe demonstrates greater macro-structural and 
micro-structural changes with increasing age, functional connectivity loss within large scale 
ICNs may be regionalised to the frontal lobe. It is possible that reduced functional 
connectivity of frontal cortical regions within ICNs to the rest of the network underpins 
cognitive control deficits in domains such as executive function. 
Altered functional connectivity within ICNs, in particular the DMN have been associated 
with age-related changes in white matter micro-structure using focused analyses of single 
tracts or regions of interest (Andrews-Hanna et al., 2007; Teipel et al., 2010). However, at 
post mortem, the older brain demonstrates widespread demyelination and white matter fibre 
loss (Lazzarini, 2004). Therefore, the assessment of the relationship between the micro-
structural damage of pre-defined single regions of interest or tracts and functional 
connectivity within ICNs may not be sufficient to capture the extent of age-related 
disruptions in key networks. The assessment of the white matter micro-structural correlates of 
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functional connectivity loss within ICNs and its impact on cognition requires a whole brain, 
rather than a region of interest approach. 
 
1.3.3 Network interaction and cognitive control 
Recent studies have suggested that cognitive function not only depends on the structural and 
functional connectivity within networks but it also depends on the interaction between large-
scale distributed brain networks (Spreng et al., 2012; Miller, 2010; Mesulam, 2009).  
Disruption to the integrated operation of these networks with other networks is thought to 
result in diminished cognitive control (Bressler and Menon, 2010; Mesulam, 2009).  
Functional imaging studies have found that functional activity within the DMN during 
attention to external stimuli is anti-correlated to functional activity in networks involved in 
external goal directed tasks (Kelly et al., 2008).  It has been proposed that activity within the 
DMN is associated with internal cognition (Buckner et al., 2008) and mind wandering 
(Spreng and Grady, 2010). Inability to suppress the DMN in response to external demands 
can result in reduced efficient behaviour to external tasks (Binder, 2012). Such an alteration 
in the balance between DMN and task-related activity could account for increased 
vulnerability to distraction from irrelevant information and thereby affect multiple cognitive 
domains. The failure to deactivate the DMN during external cognitive control tasks is seen in 
many diseased states (Greicius and Menon, 2004; Harrison et al., 2007; Kennedy et al., 
2006), and after traumatic brain injury (TBI) (Bonnelle et al., 2012).  
The role that age-related white matter damage plays in disrupting functional interconnectivity 
between networks, such as the DMN with other cognitive control networks, with increasing 
age remains poorly understood. After traumatic brain injury (TBI), Bonnelle (2012), found 
that damage to the tract within the Salience Network (SN) predicted DMN activity and 
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impairments in executive function. This mechanism may not be unique to TBI and may 
underlie behavioural deficits observed in other populations. Given that TBI and ageing are 
both associated with diffuse white matter brain damage and impaired executive function 
(Kinnunen et al., 2011), damage to frontal white matter tracts in the SN may provide a 
mechanism for executive function impairment within groups vulnerable to frontal lobe 
damage, such as the elderly.  
 
1.4 Aims 
The aims of this thesis are:  
1. to assess the relationship between  increasing age and: (i) global white matter volume 
loss; (ii) global grey matter volume loss; and (iii) global white matter micro-
structural damage.  
2. to investigate alterations in thalamic volume, thalamic shape, and thalamo-cortical 
connectivity with increasing age and to assess the impact of changes on thalamo-
cortical connectivity on executive function. 
3. to assess the effects of age on functional connectivity in large scale ICNs that have 
nodes (i) occupying regions of the frontal cortex such as the SN and DMN and (ii) 
ICNs that involve the posterior cortex such as the Primary Visual Network (PVN) 
and the Lateral Visual Network (LVN) and their association with cognitive control.  
4. to assess the relationship between reduced functional connectivity in the ICNs and 
whole brain white matter micro-structural damage.  
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5. to determine if age-related white matter damage within a remote network, such as the 
SN, disrupts DMN function and behaviour.  
1.5 Hypothesis 
My overall hypothesis is that 
Age related cognitive decline arises from disruption to the integrated operation of large-scale 
networks that is produced by structural disconnection to white matter tracts.  
To this end a number of separate hypothesis were tested:   
1. from middle age onwards there is a reduction in grey and white matter volume and an 
increase  in white matter damage in wide spread regions of the brain, suggesting 
disconnection across many neuronal networks in the ageing brain.  
2. thalamo-frontal connectivity reduces with increasing age and this reduction is 
associated with deficits in executive function. 
3. age-related cognitive decline is associated with reduced functional connectivity in 
ICNs that have nodes occupying frontal regions and preservation of ICNs occupying 
posterior regions of the brain.   
4. reduced functional connectivity within the ICNs is associated with increased micro-
structural damage in widespread regions of the white matter suggesting that structural 
damage  in remote networks  may impact on the activity of other networks. 
5. damage to structural connections in the SN determines DMN activity and negatively 
impacts on cognitive behaviour in older adults.  
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Chapter 2 
2.0 The ageing brain 
 
2.1 Ageing and cognitive function   
Cognitive control maybe defined as the “ability to use or change behavioural rules in a 
dynamic fashion on the basis of advanced information or feedback derived from monitoring 
on going behaviour” (Kok et al., 2006). Cognitive domains that require large amounts of fluid 
intelligence, that is, the capacity to think logically and solve problems in novel situations, 
independent of acquired knowledge seem to be particularly impaired in older adults (Park and 
Reuter-Lorenz, 2009). Cognitive domains that require fluid intelligence include episodic 
memory, processing speed and aspects of executive function such as working memory and 
inhibitory function (Park and Reuter-Lorenz, 2009; Salthouse et al., 1991). However, 
crystalline intelligence, as indicated by a person's depth and breadth of general knowledge 
and the ability to reason using words and numbers can show increased performance with age 
(Deary, 2012). The cognitive domains that are frequently preserved in aging include implicit 
memory, knowledge storage, and some aspects of vocabulary (figure 2.1). Nevertheless, 
despite increased or preserved crystalline intelligence, elderly individuals who experience a 
reduction in fluid intelligence in the absence of neurodegenerative disease are considered to 
be suffering from age-related cognitive impairment (Morrison and Baxter, 2012).  
Cognitive decline in older adults is more variable than in younger adults (Rowe and Kahn, 
1997). Some elderly individuals are cognitively impaired relative to young and middle-aged 
adults, whereas others show cognitive abilities that are well within the range of healthy adult 
performance. Intelligence, education, occupational level and lifestyle choices later in life are 
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believed to be major active components of cognitive preservation (Deary et al., 2009; 
Whalley et al., 2004).  
 
 
Figure 2.1: Cross-sectional ageing data taken from Park et al. (2002) showing 
behavioural performance on measures of speed of processing, working memory, long-
term memory, and world knowledge. Almost all measures of fluid intelligence (speed of 
processing, working memory) show decline with age, except crystalline intelligence (world knowledge), 
which can show some improvement.  
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2.1.1 Mechanisms of age-related cognitive decline 
Given the broad spectrum of cognitive changes with increasing age, it is unlikely that any 
single process or mechanism can fully explain age-related deficits across all individuals. Age-
related cognitive decline may therefore be best understood in terms of a range of mechanisms 
that include reduced processing speed, working memory, inhibition, and sensory processing 
(Moscovitch, 1992).  
Some theories suggest that perceptual speed and general slowing down accounts for nearly all 
of the age-related variance on a broad range of cognitive tasks (Salthouse, 1996; Salthouse et 
al., 1991). In neuropsychological timed tests of executive function, such as the Stroop, and 
Trail Making Tests, older adults take significantly longer to complete the tasks (Ashendorf et 
al., 2008; Graf et al., 1995). Although this is a well-established phenomenon in cognitive 
ageing the increased time to complete some executive control tests has been shown to result 
from a decline in the ability to perform the task, rather than the general slowing down that is 
ubiquitously found in ageing behaviour (Brink and McDowd, 1999; West and Alain, 2000). 
Age-related slowing during cognitive tests has also been attributed to poor working memory 
capacity in older adults (Park et al., 2002; Park et al., 1996; Wingfield et al., 1988). Working 
memory capacity refers to a brain system that provides temporary storage and manipulation 
of the information necessary for complex cognitive tasks (Baddeley, 1992). Poor 
performance on a particular task will depend on the working memory capacity of the 
individual involved and on the demands made by the subcomponents of the task (Hasher, 
1988).  
Hasher and Zacks (1988) proposed a framework for conceptualising working memory and 
speed of processing deficits with increasing age. They proposed that some aspects cognitive 
ageing are due to decreased attention to relevant stimuli in the environment that leads to 
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increased susceptibility to distracting influences. Hasher and Zacks (1988) describe inhibition 
as the capacity to keep distracting or task irrelevant information out of the focus of attention, 
especially when it co-occurs with task relevant information. Poor inhibition of task irrelevant 
material due to reduced attention leads to task irrelevant information to enter working 
memory.  The selection of unrelated information into the contents of working memory 
produces slower task performance and deficits in working memory required for the task.  
Ageing is also associated with gradual deficits in the sensory systems. Visual acuity tends to 
decrease and hearing thresholds generally increase (Kalina, 1997; Liu and Yan, 2007).  Baltes 
and Lindenberger (1997) demonstrated a link between sensory functioning and intelligence in 
old age. They proposed that reduced sensory input mediates poor performance on tasks for 
older individuals that are not present in younger cohorts. This suggests that cognitive 
mechanisms in younger adults are more specific and these mechanisms become less specific 
with increasing age. The link between sensory decline and reduced cognitive ability in old 
age infers that the mechanism for cognitive decline is a more global phenomenon than a 
domain-specific one. 
 
2.2 The frontal ageing hypothesis 
The frontal ageing hypothesis was first introduced by Albert and Kaplan (1980), which states 
that frontal lobes are particularly vulnerable to age-related deterioration and predicts that 
functions largely dependent on frontal regions of the brain decline with increasing age, while 
functions largely independent of frontal lobes remain relatively spared. Thus cognitive 
function involving frontal regions of the brain such as executive function, and working 
memory will be most adversely affected by increasing age (West, 1996; Wingfield and Tun, 
2007).  This regionalised  view of cognitive decline with increasing age receives support 
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from a wide variety of research domains, including structural and functional neuroimaging 
(Giorgio et al., 2010; Grady, 2000; Salat et al., 2004; West and Alain, 2000).  
 
2.2.1 Grey matter changes with increasing age 
One of the most striking changes that occur in the healthy aging brain is atrophy. It is 
estimated that the brain loses 0.3% of its volume per year starting in the second decade of life 
with greater loss after the age of 55 years (Enzinger et al., 2005; Fjell et al., 2009; Sowell et 
al., 2004). Within the grey matter of the cortex, human post mortem studies have shown age-
related cortical thinning, but no cell loss (figure 2.2).  However, there is cell shrinkage or 
compaction accompanied by a reduction in the complexity of dendrite arborisation and 
dendritic length (Terry et al., 1987; Turlejski and Djavadian, 2002). Further to this, many 
post-mortem studies have demonstrated that these age-related losses in dendritic arborisation 
are prominent in the pre-frontal, and temporal cortices in humans and in non-human primates 
(De Brabander, 1998; Peters et al., 1998). Dendrites in the cortical and sub-cortical regions of 
the brain are the primary substrate for neuronal information processing and any structural 
changes can have profound and detrimental effects on brain function (Dickstein et al., 2007). 
Hence these age related changes in dendritic arborisation complexity and resulting alterations 
to synaptic connectivity, may underpin cognitive decline (Morrison and Baxter, 2012).  
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Figure 2.2. Cortical neuron spines in young and aged non-human primates (Adapted 
from Morisson et al., 2012). Representative examples of Lucifer Yellow-filled pre-frontal cortical 
neurons from young (A) and aged (B) non-human primates. The rectangle identifying a basal dendritic 
segment in each neuron is shown at a higher magnification below each neuron. 
 
In vivo volumetric MRI studies in the ageing brain have also demonstrated cortical grey 
matter volume loss, which begins in early adulthood and then reduces linearly with increasing 
age (Giorgio et al., 2010; Walhovd et al., 2005). In agreement with post mortem studies, the 
most widespread cortical volume losses are found from middle age onwards with the frontal 
cortex showing the greatest change and earliest onset of grey matter volume loss relative to 
the rest of the brain (Bergfield et al., 2010; Giorgio et al., 2010). Although there is some 
support for preferential reduction of frontal lobe volumes in ageing (Haug and Eggers, 1991; 
Raz et al., 1997), other studies have identified changes in the parietal lobe that are greater or 
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equivalent to frontal declines (Good and Tatar, 2001; Mueller et al., 1998; Resnick et al., 
2000).  
The advantage of MRI is that assessment of structural changes are carried out in vivo, and 
therefore allows correlations to be made between structural changes and cognitive test scores 
at the time of scanning. Direct associations between frontal atrophy and cognitive decline 
have been observed in imaging studies (Burzynska et al., 2012; Cardenas et al., 2011; Raz et 
al., 1997). Smaller grey matter volumes in frontal and temporal cortices have been associated 
with worse cognitive performance on cognitive domains that include memory and executive 
function (Burzynska et al., 2012). Reductions in the volume of the frontal cortex are 
associated with impaired executive function and reductions in the temporal cortex to impaired 
memory functions (Burzynska et al., 2012; Cardenas et al., 2011). However, despite these 
striking changes, the relationship between cognitive decline and atrophy can be variable, that 
is, the extent of global atrophy is not strictly correlated with performance on cognitive tests. 
Some individuals perform markedly better than a given level of brain damage might predict, 
while others are devastated (Buckner, 2004) (figure 2.3). 
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Figure 2.3.  Axial, T1 weighted MRI of the brain showing  differences  between young 
(A) and old (94 years) without dementia (B) and old 77years  with dementia (C). 
Adapted from Buckner et al., 2004. 
 
2.2.2 White matter changes with increasing age 
Demyelination and white matter fibre loss is observed in widespread regions of the brain at 
post mortem in older individuals (Meier-Ruge et al., 1992; Tang et al., 1997).  Demyelination 
is the disruption to the structure of the myelin sheaths that serves as insulation for the axons 
of neurons. It is thought that degradation of myelin in ageing occurs because the sheaths 
begin to split and retain more cytoplasm (Peters, 2002). The myelin sheaths can also balloon 
outwards due to cavitation of the cytoplasm in the sheath. These changes result in an increase 
in the water content of the cell (figure 2.4) (Lazzarini, 2004).  Other changes, such as the 
formation of thicker sheaths into middle age, suggest some myelin formation is on-going in 
early adulthood.  However, it is thought that the thicker myelin is more prone to splitting and 
is therefore regarded as sub-optimal (Peters, 2002).  Hence, even though myelin production 
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increases up to middle age, it is thought that the structure of the myelin sheaths and fibre 
length continues to deteriorate.  
The function of the myelin sheaths is to increase speed of conduction and decrease leakage of 
electrical impulses along the length of the axon. It is suggested that demyelination together 
with loss of white matter fibres contribute to cognitive decline by decreasing connections 
between neurons (Peters, 2002) and altering the conduction velocity, resulting in a disruption 
of the normal timing in neuronal circuits (Xi et al., 1999).   
 
    
Figure 2.4. Cross section through myelinated axons in a younger (A) and older brain (B) 
(taken from Peters, 2007). (A) Green represents intact myelin in the younger brain surrounding an 
axon (yellow). (B) disruption of the myelin sheath surrounding the axon (A) in an older brain. Disruption 
to the myelin sheath structure causes the sheaths become filled with cytoplasm which can sometimes 
balloon outwards, increasing the water content of the cell. 
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2.2.2.1 White matter lesions observed in the ageing brain 
Increasing age is also associated with cerebral white matter disease that manifests as white 
matter lesions on structural MRI images. The reported prevalence of white matter disease 
differs widely between studies. Rates vary from 5.3% to more than 95% (Grueter and Schulz, 
2012).   
Ageing is associated with damage to the endothelial layer in blood vessels as a result of 
conditions that leads to blood-brain barrier breakdown such as increasing age, arterial 
hypertension, diabetes mellitus, heart disease, smoking and cardiovascular risk factors 
(Fernando et al., 2004; Simpson et al., 2010). Plasma components which normally cannot 
permeate through the blood-brain barrier will now enter into the interstitial space and brain 
parenchyma and damage neurons and glial cells. These areas of damage may appear as white 
matter lesions on brain imaging (figure 2.5) and on histological slides (Topakian et al., 2010) 
(figure 2.6).  
 
 
Figure 2.5.  Axial Flair MRI imaging of the human brain showing cerebral white matter 
disease at different stages of severity. (A) very mild, (B) mild, (C) moderate, (D) severe.  
(adapted from Grueter et al., 2012). 
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Figure 2.6.  Slice of a human brain (one hemisphere only) in luxol fast blue staining. This 
brain shows substantial loss of white matter due to severe small vessel disease. In this stain myelin 
appears dark and looks normal in the right upper region (a) whereas it has nearly disappeared in the 
left lower region (b) of this brain. The grey matter (light grey) is unaffected. (Taken from Grueter et 
al., 2012). 
 
 
Periventricular lesions initially form at the top of the horns of the lateral ventricles, but with 
progressing disease severity extends around the ventricles. Deep white matter lesions 
generally occur in the frontal lobes first, and subsequently affect the parieto-occipital lobes 
and, more rarely the brain stem and the basal ganglia. In mild small vessel disease, lesions are 
distinct from each other, but with increasing disease severity they become confluent and 
eventually diffusely involve an entire region. 
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White matter lesions are thought to disrupt the structure of white matter which leads to 
disruption of connections between cortical regions of the brain. There is general agreement 
that white matter lesions are associated with cognitive decline (Brickman et al., 2012; 
Jokinen et al., 2005), depression (Longstreth et al., 2009), gait disturbance and falls (Srikanth 
et al., 2009) and increased stroke risk (Debette et al., 2010). Of these, deteriorating cognitive 
function is the most widely recognised. Executive function, processing speed and attention 
are predominantly affected (Brickman et al., 2012; Debette et al., 2010; Jokinen et al., 2005).  
 
2.2.3 Diffusion tensor imaging assessment of white matter in the ageing brain 
Diffusion tensor imaging (DTI) is a non-invasive method for probing brain tissue micro-
structure.  DTI uses the uneven water diffusion along axons to measure white matter tissue 
integrity (Le Bihan, 1995; Neil et al., 2002). Water diffuses rapidly along the length of 
healthy white matter but slowly across its fibres. As white matter degrades, diffusion 
becomes more even (isotropic) and increases across the fibres.  
Increased diffusion across the white matter fibres are represented by increased RD (mean 
diffusion perpendicular to the axis of greatest diffusion) and MD (average diffusion across 
and along the length of the axons) which are positively associated with increasing age (Abe et 
al., 2008; Nusbaum et al., 2001; Pfefferbaum and Sullivan, 2003; Vernooij et al., 2008; 
Zhang, 2010). This increase in diffusion metrics is thought to be due to the increased water 
content of the cell due to demyelination (Concha et al., 2006; Song et al., 2005) reduced 
axonal number or reduced axonal packing density (Beaulieu and Allen, 1994).   
Reduced FA (proportion of diffusion along the axons to diffusion across the axons) is 
negatively associated with increasing age (Pfefferbaum and Sullivan, 2003; Sullivan et al., 
2010; Vernooij et al., 2008; Zhang, 2010). This reduced diffusion metric is thought to 
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represent lower axonal packing (Beaulieu and Allen, 1994), axonal damage (Lehmann et al., 
2010) and/or loss of axonal fibres (Aboitiz et al., 1996; Moseley et al., 1990). However, 
reduced FA can also be found in regions that contain crossing fibres (Johansen-Berg et al., 
2009).   
Both increases and decreases in AD (diffusion along the length of the axon) have been found 
in ageing white matter and is thought to represent different stages of white matter injury 
(Lehmann et al., 2010). Reduced AD can indicate the presence of white matter lesions and/or 
increased glial cell numbers due to injury (Back et al., 2011; Sun et al., 2003).  
Although these observed changes in MR diffusion metrics in brain tissue such as FA, MD, 
RD and AD are only indirectly linked to the cellular makeup, decreased FA with increased 
MD and RD with a concomitant increase or decrease in AD reflect micro-structural damage 
that is thought to be the primary cause of white matter disconnection within networks that 
support cognitive performance (Bennett et al., 2010; O’Sullivan et al., 2001).  
MRI and DTI studies of white matter in the ageing brain have shown reduced white matter 
volume and altered white matter micro-structure with increasing age (Salat et al., 2005). It is 
unclear whether these observed diffusion changes are uniform across the brain or whether 
accelerated white matter degeneration is localised to particular brain regions, as would 
support the frontal-ageing hypothesis (Salat et al., 2005). White matter micro-structural 
measures show some evidence for greater damage in anterior regions than posterior regions 
(Jernigan et al., 2001; Raz et al., 1997; Salat et al., 2005) while others have failed to show 
such differences (Charlton et al., 2006; Nusbaum et al., 2001).  
Whole brain voxel-wise studies have been used to assess white matter in a voxelised skeleton 
located within the centres of large cerebral white matter pathways throughout the brain. This 
has the advantage of demonstrating micro-structural differences across the whole brain. 
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Cross-sectional (Burzynska et al., 2010, Bennett et al., 2010) whole brain voxel-wise studies 
do not show evidence for greater damage to frontal white matter regions in older compared to 
younger adults. In addition, a longitudinal voxel-wise whole brain study found evidence for 
microstructural damage after a 2 year follow up, but no evidence of accelerated damage in the 
frontal lobe (Barrick et al., 2010). Despite these differences between studies the selective 
vulnerability of the genu of the corpus callosum with preservation of the splenium remains a 
robust finding in the majority of studies on ageing white matter (Charlton et al., 2006; 
O’Sullivan et al., 2001; Salat et al., 2005). Investigations into the global macro-structural and 
white-matter micro-structural changes from middle age on-wards may contribute to the 
understanding as to why the accelerated cognitive decline is found within this age group. 
 
2. 3 Neuronal networks  
Whilst MRI studies gives some support to the frontal ageing hypothesis, more recently 
alterations in other brain regions with increasing age have added to the literature on cognitive 
ageing. The posterior visual cortical areas that selectively process relevant visual information 
are functionally connected with networks for attention to visual cues (Chadick and Gazzaley, 
2011). As ageing is associated with reduced functional activity in the visual cortex during 
tasks (Grady et al., 1994), this alteration in the functional activity of the visual cortex may 
affect cognitive functions that require visual attention (Muckli, 2010).  
The precuneus/posterior cingulate, ventral parietal and occipital cortex house prominent hubs 
of global and local functional activity (Tomasi and Volkow, 2012). Mild cognitive 
impairment and Alzheimer’s disease is associated with decreased metabolism (Greicius et al., 
2004) and abnormal functional activity (Rombouts and Scheltens, 2005) in the posterior 
cingulate and inferior parietal lobes. Sustained attention impairments in patients after 
47 
 
traumatic brain injury (TBI) are associated with an abnormal activation within the precu/PCC 
(Bonnelle et al., 2011). These studies highlight the importance of more posterior regions of 
the brain on cognitive function.  
The neural basis for cognitive decline is complex, its explanation on a single unitary factor, 
such as frontal lobe damage maybe over simplistic (Greenwood, 2000). Individual regions of 
the brain do not act independently of each other. Groups of neurons in the brain that work 
together to perform a broad range of mental processes to guide and control behaviour are 
called cognitive control networks (Bressler and Menon, 2010). These networks are 
functionally and structurally coherent and a disruption to brain tissue can alter their 
coherence and hence have an impact on cognition (Andrews-Hanna et al., 2007). It may 
therefore be more appropriate to relate cognitive functions to properties of a network rather 
than specific brain regions.  
 
2.3.1 Thalamo-cortical networks 
The thalamus has reciprocal connections to the cortex of the brain.  It acts as a relay station 
that modulates and gates information from the sensory and motor areas of the brain to and 
from the cerebral cortex. It is divided into cytoarchitectonically distinct nuclei which have 
different patterns of anatomical connectivity that are well characterised for primates (Guillery 
and Sherman, 2002; Jones, 1985) (figure 2.7) 
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Figure 2.7. Schematic diagram of thalamic nuclei and their projections. (Taken from 
Granger et al., 2007) 
 
The anterior, medial and lateral nuclear groups in the thalamus are divided by a vertical y-
shaped sheet of white matter, the internal medullary lamina. The anterior nucleus has major 
reciprocal connections with anterior and posterior cingulate cortices and parts of the 
hippocampal complex (Yeterian and Pandya, 1988). It has fewer connections with orbital 
frontal, dorsolateral prefrontal, and parietal cortices (Vogt et al., 1979). These connections 
and the effects of injury to this region indicate a role in memory, modulation of the 
sleep/waking cycle, and directed attention (Van Der Werf, 2003). The medial dorsal nucleus 
has major reciprocal connections with orbital, medial prefrontal, lateral prefrontal, and 
anterior cingulate cortices (Goldman-Rakic and Porrino, 1985). Reciprocal connections with 
supplementary motor and parietal cortices as well as the frontal eye fields have also been 
reported (Russchen et al., 1987). It receives input from temporal, entorhinal and primary 
olfactory cortices as well as much of the basal forebrain. The amygdala, substantia nigra, and 
cerebellum also project to medial dorsal nucleus (Ilinsky et al., 1985). These connections and 
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the effects of injury to this region indicate a role in memory, mood, motivation, the 
sleep/waking cycle and executive function (Liebermann et al., 2013; Van Der Werf, 2003).  
The lateral dorsal nucleus has major reciprocal connections with posterior cingulate and 
parietal cortices as well as the entorhinal cortex portions of the hippocampal complex 
(Shibata and Yukie, 2003). A role in integration of motivation and/or attention with sensory 
processes has been suggested (Asanuma et al., 1985). The posterior region of the thalamus 
consists of the pulvinar which contains the lateral and medial geniculate nuclei that project to 
the visual and auditory cortex respectively (Taber et al., 2004). It is thought that these nuclei 
not only facilitate visual and auditory information but are involved in the top down control of 
visual and auditory salience, participating in the earliest decision to orient attention towards 
the source of environmental changes (Robinson and McClurkin, 1989).  
Imaging studies have shown age–related global volume reduction and micro-structural 
changes within the thalamus (Cherubini et al., 2009; Sullivan et al., 2004). Age-related 
volume reduction of the thalamus has been associated with cognitive decline in domains such 
as speed of processing (Van Der Werf, 2001), working memory (Charlton et al., 2006) and 
error awareness (Peterburs et al., 2011).  However, there is a paucity of studies that assess the 
regional changes in volume and micro-structure of the thalamus with age. Ota et al (2007) 
delineated the thalamus into five regions (medial and lateral anterior, medial and lateral 
central and posterior) using high resolution structural MR imaging without an intra-thalamic 
marker. They found microstructural damage in the medial and lateral anterior and central 
portions of the thalamus with preservation of micro-structure in the posterior regions of the 
thalamus in older adults compared to younger adults. Volume changes in these regions were 
not assessed.  Although specific nuclei were not delineated, the study suggests that ageing has 
a heterogeneous effect on the micro-structure of the thalamus. It is therefore possible that 
macro- and micro-structural alterations in regions of the thalamus that are associated with 
50 
 
cognitive performance contribute to age-related cognitive decline. However, no study has 
investigated the effects of ageing on the macro- and micro-structure of the thalamus based on 
its connectivity to the cortex and its impact on cognition.  
 
2.3.2 Intrinsic Connectivity Networks  
Networks in the brain can consist of groups of structurally and functionally connected 
neurons. Correlated spontaneous fluctuations of the BOLD signal in the absence of a 
cognitive task have been observed in the brain at rest (Fox et al., 2005). These temporally 
coherent fluctuations in the BOLD signal in the absence of a task has produced distinct 
networks that include vision, language, motor, sensory and executive processing and have 
been termed Intrinsic Connectivity Networks (ICN) or Resting State Networks (RSN) 
(Damoiseaux et al., 2006; Fox et al., 2005)(figure 2.4). Mapping ICNs in the brain has 
garnered increasing interest because of its potential for elucidating brain organisation 
(Beckmann et al., 2005; Fox et al., 2005; Fransson, 2005). Assessing the strength or 
disruption to the coherence of the BOLD signal, that is the functional connectivity within 
these networks, can be used to assess brain function and dysfunction (Greicius et al., 2003). 
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Figure 2.8. From the fluctuating patterns of intrinsic activity seen in the human brain 
with fMRI BOLD imaging, patterns of spatial coherence within known brain systems 
can be extracted. Adapted from Raichle 2010. 
 
 
Recent theories suggest that brain function is mainly intrinsic, that is, most of the brain’s 
energy is involved in information processing for interpreting, responding to and predicting 
environmental demands rather than being merely reflexive to environmental demands. 
(Raichle et al., 2010).  Hence, the study of the functional and structural connectivity changes 
within ICNs can help to elucidate the neuroanatomical correlates of cognitive decline with 
age.  
 
2.3.2.1 Network functional connectivity and increasing age 
Functional connectivity between regions within ICNs have been shown to vary with age 
(Tomasi and Volkow, 2012; Wu et al., 2011) and disease (Greicius et al., 2004; Zhou et al., 
2007). Age–related altered functional connectivity has been found in large scale cognitive 
ICNs involved in attention, such as the  Dorsal Attention Network (DAN), the Fronto-Parietal 
Control Network (FPCN), the Default Mode Network (DMN) (Andrews-Hanna et al., 2007) 
and very recently the Salience Network (SN) (Onoda et al., 2012). The DMN has been the 
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most widely studied. Age-related disruption in functional connectivity of the DMN is 
correlated with cognitive deficits such as measures of attention, processing speed, episodic 
memory processing and executive function (Andrews-Hanna et al., 2007; Damoiseaux et al., 
2008; Greicius et al., 2009). The relationship between age-related changes in functional 
connectivity and cognitive ability in other ICNs in ageing has not yet been fully explored.  
 
However, the location of functional connectivity changes in the DMN is not clear. Andrews-
Hanna (2007) in a correlational analysis, found that the DMN shows reduced functional 
connectivity across the anterior and posterior parts of the network in older brains (Andrews-
Hanna et al., 2007). As evidence suggests that the frontal lobe bears the brunt of ageing, 
functional connectivity loss within large scale ICNs may be regionalised to the frontal lobe. It 
is therefore possible that reduced functional connectivity of frontal cortical regions within 
ICNs to the rest of the network underpins cognitive control deficits in domains such as 
executive function. 
 
 2.3.2.2 Network structural connectivity and increasing age 
Abnormalities in functional connectivity within ICNs may be underpinned by age-related 
deficits in white matter microstructure (Honey et al., 2009). Altered functional connectivity 
within the DMN have been associated with age-related changes in white matter micro-
structure using focused analyses of single tracts or regions of interest (Andrews-Hanna et al., 
2007; Teipel et al., 2010). Both Andrews-Hanna (2007) and Chen (2009) found that white 
matter integrity of the central semi-ovale and genu, was associated with decreased functional 
coherence across the anterior and posterior regions of the DMN. However, the structural 
correlates of disruption to functional connectivity within other ICNs in the ageing brain have 
been largely overlooked. Since cognitive control is governed by the operation of  large scale 
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networks in the brain for efficient behavior (Mesulam, 2009), the assessment of the 
relationship between white matter damage of pre-defined single regions of interest or tracts 
and functional connectivity within ICNs may not be sufficient. The assessment of the 
structural correlates of reduced functional connectivity within ICNs and its impact on 
cognition may therefore require a whole brain approach.  
 
2.3.3 Interaction between cognitive control networks 
Recently MRI studies have suggested that cognitive function not only depends on the 
structural and functional connectivity within networks but it also depends on the complex 
interaction between large-scale distributed brain networks (Mesulam, 2009, Miller, 2010, 
Spreng et al., 2012).  Disruption to the interaction of these networks is thought to result in 
diminished cognitive control (Bressler and Menon, 2010; Mesulam, 2009).  
It is thought that cognitive control networks guide decision making by integrating 
information from the external environment with stored internal representations (Miller, 
2010). Information from the external environment may involve external sensory stimuli 
associated with a goal directed task which requires behaviour directed toward the attainment 
of a future goal. Internal representations can be the homeostatic, motivational or emotional 
influences associated with the external stimulus. Successful cognitive control requires 
optimal integration of these two states.  
FMRI studies have shown that attention to external stimuli is under the control of a number 
of networks (Corbetta and Shulman, 2002; Vincent et al., 2008). A network of fronto-parietal 
regions in the brain that includes the frontal eye fields, ventral pre-motor cortex, superior 
parietal lobe, intra-parietal sulcus and middle temporal areas bilaterally are involved in the 
cognitive control over what to draw our attention to. Corbetta and Shulmann (2002) 
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collectively called these regions the Dorsal Attention Network (DAN) (figure 2.9 A). During 
tasks that require attention to visual cues, activity in the DAN increases after presentation of 
visual cues indicating where, when, or to what subjects should direct their attention (Fox et 
al., 2006). The DAN is therefore thought to be involved in top-down processing of visual 
information used to govern the location of attention and the maintenance of attention to visual 
cues (Corbetta and Shulman, 2002; Shulman et al., 2003). It is also thought to control eye 
movement and hand-eye coordination for adequate control of externally directed attention 
(Corbetta and Shulman, 2002). 
The processing of external salient stimuli in the environment causes a shift in attention and 
requires disruption to on-going activity in the brain (Corbetta et al., 2002). Controlling this 
break in attention lies in a network of regions outside the DAN that include more ventral 
areas of the brain such as the anterior prefrontal cortex, dorsolateral prefrontal cortex, dorso-
medial superior frontal/anterior cingulate, anterior inferior parietal lobe and insular cortex 
(Corbetta et al., 2002). These regions have been described by Vincent (2008) as the Fronto-
Parietal Control Network (Vincent et al., 2008)(figure 2.9 B). This network is thought to act 
acts as an executive control system that guides decision making by facilitating the ability to 
rapidly adapt internal thoughts and behavior to changes in external environmental demands 
(Vincent et al., 2008).   
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Figure 2.9. The Dorsal Attention Network (DAN) and Fronto-Parietal Control Network 
(FPCN) activated during attention to an external salient cue. A. Axial view of the DAN 
consisting of the  frontal eye fields, ventral pre-motor cortex, superior parietal lob and intra-parietal 
sulcus (the middle temporal region is not visible). B. Sagittal and axial view of FPCN consisting of the 
anterior prefrontal cortex, dorsolateral prefrontal cortex, dorso-medial superiorfrontal/anterior cingulate, 
anterior inferior parietal lobe and right insular cortex. 
 
However, not all salient stimuli require equal amounts of attention to carry out a task 
efficiently. Segregating the most relevant among salient external stimuli in order to guide 
behavior is thought to be under the control of a sub-network of the FPCN, described by 
Seeley (2007) as the Salience Network (SN), which he describes as consisting primarily of  
the dorsal anterior cingulate cortex/pre supplementary motor area (dACC/preSMA) and the 
anterior insula (figure 2.10 A).  The SN is thought to form part of the limbic system, the 
function of which may include interoceptive awareness, emotional responses, and empathic 
processes (Menon and Uddin, 2010). In particular, the right anterior insula of the SN appears 
to be important in coordinating the activity of other brain networks in response to unexpected 
events that may require a change in behaviour (Sridharan et al., 2008).     
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It is thought that activity within the Default Mode Network (DMN) during attention to 
external stimuli is anti-correlated to functional activity in networks involved goal directed 
tasks (Kelly et al., 2008). The main regions of the DMN are the precuneus/posterior cingulate 
cortex (precu/PCC), the ventromedial prefrontal cortex (vmPFC), lateral inferior parietal 
regions and the hippocampi (figure 2.10 B). It has been proposed that this network is engaged 
when the brain is suspended from attention to external tasks (Raichle et al., 2001). The exact 
function of this network is unclear. It is thought to support internally directed cognition. 
Activity in this network has been positively associated with internal thoughts such as 
autobiographical accounts (Buckner et al., 2008) and internal planning (Spreng and Grady, 
2010). It is  also thought to be associated with task irrelevant thoughts such as mind 
wandering (Mason et al., 2007).  
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Figure 2.10. The Salient Network (SN) and Default Mode Network (DMN). A. Sagittal 
and axial view showing the dorsal anterior cingulate cortex/presupplementary motor area and 
bilateral insula cortex of the SN. B. Sagittal and axial view showing the ventro-medial 
prefrontal cortex, precuneus/posterior cingulate cortex and the left and right posterior parietal 
cortex of the DMN.  
 
Inability to modulate the DMN in response to external demand has also been found in 
diseased states (Greicius et al., 2004; Harrison et al., 2007; Kennedy et al., 2006) and after 
traumatic brain injury (TBI) (Bonnelle et al., 2011). Decreases in DMN activity as a function 
of increasing task difficulty is known to be altered in older adults, such that not only do the 
elderly show reductions in the deactivation of the DMN, but they also show less modulation 
of the DMN in response to increases in task difficulty (Prakash et al., 2012; Sambataro et al., 
58 
 
2010). Such an alteration in the balance between DMN and task-related activity could 
account for increased vulnerability to distraction from irrelevant information (Hasher, 1988) 
and thereby affect multiple cognitive domains. However, the mechanism by which older 
adults fail to modulate the DMN with increasing task difficulty is poorly understood.  
 
Cognitive attention to rapidly changing salient stimuli is thought to be associated with 
activation within the SN and deactivation within the DMN (Menon and Uddin, 2010). Since 
the SN is thought to regulate dynamic changes in other networks, damage to the structural 
white matter connections of the SN may disrupt the regulation of associated networks, such 
as the DMN. After traumatic brain injury (TBI), Bonnelle (2012), found that damage to the 
tract that connects the right anterior insula to the dorsal anterior cingulate cortex within the 
SN determined DMN activity and impairments in executive function. This mechanism, 
whereby inability to down-regulate the DMN due to SN dysfunction, may not be unique to 
TBI and the may underlie behavioural deficits observed in other clinical populations. Given 
that TBI and ageing are both associated with diffuse white matter brain damage and impaired 
executive function (Kinnunen et al., 2011), damage to frontal white matter tracts in the SN 
may provide a mechanism for executive function impairment within groups vulnerable to 
frontal lobe damage, such as the elderly.  
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Chapter 3 
Background 
3.1 Magnetic resonance imaging 
Imaging the structure and function of the brain in vivo can be carried out using MRI. It is a 
powerful imaging modality because of its flexibility and sensitivity to a broad range of tissue 
properties. 
Most in vivo images are based on the hydrogen nucleus. The hydrogen nucleus is highly 
prevalent in tissue and has a large magnetic moment (μ). When a static magnetic field is 
applied, these magnetic moments assume orientations parallel or anti-parallel to the direction 
of the applied field. The excess of nuclei that are parallel over those that are anti-parallel is 
termed the polarisation and results in a net nuclear magnetisation. The static magnetic field is 
called the B0 field. The direction parallel to the applied field is called the longitudinal or Z 
plane and the direction perpendicular to the applied field are called the XY plane or 
transverse plane (figure 3.1). 
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Figure 3.1. The effect of a static magnetic field on the magnetic moment of hydrogen 
nuclei. (A) In the absence of a magnetic field the net magnetic moment of hydrogen protons (blue) is 
negligible. (B) When hydrogen protons are placed in a static magnetic field, the magnetic moments of 
the hydrogen protons produce a net magnetic moment, M, which is in the direction Z, of the applied 
field. 
Disruption to the nuclear polarisation such that it is no longer aligned with the static field 
causes it to rotate around the direction of the imposed magnetic field. This rotation of the 
nuclear polarisation is called precession. The rate of precession is dependent upon the 
characteristics of the hydrogen proton and the strength of the field. This relationship is 
expressed as the Lamor equation (equation 3.1). 
                                        ω = γ B0                                                                 [3.1]                    
Where ω is the Lamor frequency in megahertz (MHz), γ is the gyromagnetic ratio of the 
nucleus and B0 is the magnetic field in Tesla (T).  
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If an additional oscillating magnetic field is equal to the precessional frequency of the 
protons, there is a resonant effect. The additional oscillating field is referred to as radio 
frequency (RF) and is given the symbol B1. 
The applied RF energy is absorbed from the transmitter coil, and causes the net magnetic 
vector (NMV) to rotate from its equilibrium direction parallel to the static field through an 
angle that is determined on the strength and duration of the RF pulse. For example, if a 90
o
 
pulse is applied the NMV is rotated away from the longitudinal direction to the transverse 
plane, perpendicular to B0. The transverse component precesses around B0 at the Larmor 
frequency and this induces an electromotive force (EMF) in a receive coil, which produces a 
measurable signal. The measured signal decays as a function of time as the spins lose 
coherence and is known as the free induction decay (FID). 
 
3.1.1 Relaxation 
Following the application of the RF pulse, realignment of the NMV with the main magnetic 
field B0, is called relaxation and is influenced by the environment in which the spin exists.  
There are two relaxation processes. T1 recovery, is the process by which longitudinal 
magnetisation is restored after an RF pulse. The T1 time constant specifies the time taken for 
63% of the total longitudinal magnetisation to recover (Mitchell, 1999).  
The second process is T2 decay. This is a process by which the transverse magnetisation 
decays as a function of time. The T2 decay is the time taken for 63% of transverse 
magnetisation to be lost. The transverse relaxation time (T2) of solids is very short as they 
have fixed molecules which maintain local field variations, resulting in a rapid loss of 
coherence. Transverse magnetisation is maintained for a longer time in liquids. The 
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precessing transverse magnetisation creates a precessing magnetic field which induces a 
voltage in a receive coil. The induced voltage and hence the MR signal, decays with the same 
time constant (Mitchell, 1999). 
In practice the FID decays away faster than would be predicted by T2 processes. This is due 
to in homogeneities in the B0 field cause the Lamor frequency to vary from location to 
location, which causes signal dephasing. This rapid loss in signal is referred to as T2* decay. 
 
 
3.1.2 The spin echo. 
The application of a 90° pulse followed by a 180° pulse will flip the dispersed magnetisation 
due to T2* effects by 180
o 
(figure 3.2). Those components that are phase advanced will 
become phase delayed and vice versa. If there is a delay of Ʈ between the initial excitation of 
the transverse magnetisation and the application of the 180
o
 pulse, then full rephrasing and 
associated signal recovery takes place after another delay of Ʈ. The time period 2Ʈ is referred 
to as TE, the echo time (figure 3.2). Thus it is possible to obtain more than one signal, by 
applying a 180
o 
pulse every TE, a train of spin echoes is created.  The spin echoes however 
differ in intensity due to T2* effects. The curve connecting the spin echoes is the T2 curve 
which decays much faster if the 180
o
 pulse was not applied. 
63 
 
 
Figure 3.2. The spin echo. After an excitation (900) pulse, the spins in the transverse plane are in 
phase but immediately begin to diphase according to T2*, leading to a fan like appearance depicted in 
the figure. These spins gradually precess at different phases. The fixed component of this dephasing 
can be rephrased by the application of a 1800 pulse at time Ʈ= TE/2 after excitation. This inverts the 
spins about one of the axes in the transverse plane. The spins rephrase and an echo is formed centred 
on TE, the echo time. By applying a 180° pulse every TE, a train of spin echoes is created (adapted 
from Buxton, 2009). 
 
3.1.3 Image formation and spatial encoding 
In order to form an image, the received signal is encoded in such a way that its components 
can be related to the spatial position of the nuclei. The resonant frequency of a nucleus is 
proportional to the strength of the magnetic field. By applying a magnetic field gradient the 
magnitude of B0 can be adjusted in a linear manner with distance. The precessional frequency 
will then vary in a predictable linear way along the direction of the applied gradient and 
provides a basis for spatial encoding and thus image production. 
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The gradient field is produced by driving a current through a set of wire windings named 
according to the orthogonal axes X, Y, Z. The field strength remains unchanged at the centre 
of the scanner regardless of whether the gradients are switched on or not. This is known as 
the isocentre. Gradients carry out the following functions; slice selection, frequency encoding 
and phase encoding. 
 
3.1.4 Slice selection 
Application of a gradient causes the field strength to alter linearly with distance from the 
centre. Only those nuclei in the slice where the Larmor frequency matches the frequencies of 
the RF pulse will interact with the RF field. The thickness of the slice is determined by two 
factors, the amplitude of the magnetic field gradient and the bandwidth of the frequency 
pulse. 
If the Larmor frequency is changed in a linear fashion across the object, then a range of 
Larmor frequencies will exist in that direction. The section which contains Larmor 
frequencies which match the frequencies of the oscillating magnetic field will respond. An 
MRI signal will be generated only from that section of the patient (figure 3.3). 
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Figure 3.3. Slice selection A gradient magnetic field is applied at the same time as the RF pulse. 
When the magnetic field gradient is applied the Larmor frequency of the spins along the z-axis 
becomes spatially dependent. Only those spins for which the resonant condition is satisfied by a 
component of the RF pulse will be excited allowing a slice of some thickness, dependent on the 
bandwidth of the RF pulse and the strength of the applied gradient, to be excited in the object (adapted 
from Buxton, 2009).  
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3.1.5 Frequency encoding 
Following slice selection it is necessary to locate the signal within the slice, which requires 
discrimination in two further axes. The first of these directions is achieved by a process called 
the frequency encoding. Switching on the frequency encoding gradient causes the 
precessional frequency of nuclei to be altered in a linear fashion, enabling the location of the 
nuclei along the direction of the gradient to be determined according to its frequency. The 
slope of the frequency encoding gradient determines the field of view (FOV) along the 
frequency encoding axis. 
 
3.1.6 Phase encoding 
Localisation of the signal along the remaining axis of the body is described as phase 
encoding. When this gradient is applied an alteration occurs in the precessional frequency, 
resulting in a phase shift. When the gradient is switched off the magnetic field experienced by 
the nuclei returns to B0, but the phase difference between the two nuclei remains, allowing 
their position along the phase encoding gradient to be identified.  After each excitation a 
specific phase encode gradient is applied, then turned off before signal is recorded during the 
action of the frequency encode gradient. The phase encode gradient is then incrementally 
changed over a repetitive cycle of measurements to build up the full encoding required in that 
direction. If a succession of 180
o
 refocusing pulses is used to create a train of multiple spin 
echoes, each successive echo can be individually phase encoded and read out. This allows 
data to be acquired more rapidly and is known as fast spin echo (FSE). To convert this data 
into an image a frequency analysis must be performed and this is done using a Fourier 
transform. The result is an MR image. 
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3.1.7 Image contrast 
The dominant parameters governing the contrast of an image are the flip angle, the rotation of 
the longitudinal magnetisation transverse plane; the echo time, TE, at which the spins are 
maximally rephrased by the application of a gradient or an 180
o
 pulse; and the TR, which is 
the time between excitations. By manipulating these parameters, the acquired image can be 
weighted to highlight particular differences between constituent tissues. 
  
3.1.8 T1 weighting 
T1 weighting can be achieved by using as short a TE as possible to remove T2* effects by 
which different tissues of the imaged object diphase and lose coherence at different rates. A 
short TR on the order of the T1s of the tissues can be used to maximise differentiation 
between different tissue compartments (figure 3.4). Those compartments of the imaged tissue 
with a shorter T1 will recover longitudinal magnetisation quickly and will therefore have 
greater magnetisation available for excitation after each T1 interval. Consequently these 
compartments appear with hyper-signal intensity in T1 weighted images. 
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Figure 3.4. T1 Relaxation. Differences in the longitudinal relaxation times of different tissue present 
in the object being imaged (Tissue A and Tissue B) can be exploited to weight the image to highlight 
these differences. For T1 weighting this is achieved by choosing a relatively short TR which is in on the 
order of the T1 species of interest. The TE is kept as short as possible to minimise any differences in 
the decay of the transverse magnetisation (adapted from Mitchell, 1999). 
 
3.1.9 T2 weighting 
T2 weighting uses a longer TE to maximise the differentiation between different T2 
components (figure 3.5). Tissue which has a longer T2 will appear hyperintense since the 
transverse magnetisation of this component will have decayed less. A long TR allows the full 
longitudinal magnetisation of the tissue to recover and eliminates T1 effects.  
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Figure 3.5. T2 Decay curves. Differences in the decay time of the transverse magnetisation 
species present in the object being imaged can be exploited to weight the image to highlight these 
differences. For T2 weighted images this is achieved by choosing a relatively long TE to maximise the 
difference between the rate of decay of the transverse magnetisation (y-axis). The largest difference 
between the two species occurs at a time roughly equal to the average or their T2 values. A long TR is 
also used to minimise the differences in the recovery of the longitudinal magnetisation and prevent the 
image being T1 weighted. 
 
 
3.1.10 Fluid Attenuated Inversion Recovery. 
The fluid attenuated inversion recovery (FLAIR) sequence is an inversion recovery (IR) 
technique that nulls the signal from fluids. It can be used in brain imaging to suppress 
cerebrospinal fluid (CSF) effects on the image, so as to bring out the periventricular 
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hyperintense lesions due to cerebrovascular disease that is prevalent in older adults aged 65 
and over (Breteler et al., 1994).  
This is accomplished by using a conventional SE sequence prefaced by a 180° inversion 
pulse. A relatively long inversion time (TI) is used to allow the longitudinal magnetization of 
CSF to return to the null point. When CSF magnetisation is at the null point, spin echo (SE) 
imaging will start. Thus, lesions with typical long T2 in the brain that are adjacent to spinal 
fluid become much more conspicuous compared with conventional T2 imaging (figure 3.6). 
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Figure 3.6. Fluid Attenuated Inversion Recovery pulse. A long inversion time (TI) is used to 
allow the longitudinal magnetisation of CSF to return to zero. At the null point (0), SE imaging will 
commence. ϴ=inversion pulse, α=excitation pulse, β=rephasing pulse (adapted from Buxton, 
2009). 
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3.1.11 Echo-planar imaging 
In contrast to sequences that fill 𝑘-space one row at a time, which can lead to slower 
acquisition times, techniques have been developed that fill 𝑘-space with a single acquisition. 
Echo-planar imaging (EPI) (Mansfield and Maudsley, 1977; Ordidge et al., 1981) is able to 
capture whole-brain images in under 100ms through the rapid switching of gradients. 
Although many variants exist, the basic EPI sequence requires rapid oscillation of the 
frequency-encoding gradient to produce a train of gradient echoes, each one of which is 
phase encoded differently. Each oscillation fills a row of 𝑘-space, with the next row indicated 
by the ‘blipped’ phase encode (figure 3.7). 
 
Figure 3.7. The Echo Planar Pulse Sequence. Multiple echoes are created for a single excitation 
pulse (RF). Each echo (red bars) has a different phase encoding gradient strength (Gp) which fills 
different lines in k-space, for one gradient echo. 
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EPI requires specific MR scanner hardware that is capable of producing large, fast gradient 
oscillations and is susceptible to signal artefacts and geometric distortions due to eddy current 
effects and local field inhomogeneities caused by the rapidly switching gradients (Jezzard et 
al., 1998; Jezzard, 2009). Also, single-shot EPI is commonly of poorer contrast and lower 
resolution than other forms of MRI, but it allows the capture of rapidly changing dynamic 
processes, most notably changes in blood oxygenation in fMRI and the diffusion of water 
molecules in diffusion MRI, that have led to wide application as a clinical and research tool. 
 
3.2 Structural analysis 
3.2.1 Image registration 
Image registration allows group-wise, quantitative MR analysis (Toga and Thompson 2001, 
Crum et al. 2004). It is of particular importance in the study of ageing brains due to large 
structural changes. Registration of MR images are used to geometrically align, spatially 
normalise, or transform images acquired from different individuals, at different time points or 
with different modalities to achieve spatial correspondence in a common reference space. 
This process underlies many techniques that can provide insight into the subtle changes in 
cerebral volume, function and micro-structure associated with ageing (Thompson et al. 2000, 
Good et al. 2001, Aljabar et al. 2008, Giorgio et al. 2010a) and disease progression 
(Thompson et al. 2003, Leow et al. 2009). Many transformation models exist but they can be 
broadly defined as one of two types: linear (rigid and affine) and nonlinear.  
Linear transformations accounts for global differences in size and shape between two images, 
whilst nonlinear transformations can model local variations in anatom (Hill et al. 2001). This 
type of modelling is useful when analysing MRI acquired from older adults due to the large 
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variation in cerebral anatomy between subjects and the increase in ventricular volume with 
increasing age (Hill et al., 2001). 
 
3.2.1.1 Linear registration 
Rigid transformations preserve shape, such that the distance between any given two points in 
an image remains the same after transformation. Linear registrations are commonly used for 
intra-subject registration. The rigid transformation between two points in corresponding 
images is composed of a set of translations and rotations over three dimensions giving a total 
of six parameters, or degrees-of-freedom (DOF), to optimise registration. 
Linear registration also includes scaling and shear parameters over three dimensions to give 
12 DOF. Affine registration can be used to correct for scanner-induced geometric distortions 
in EPI-acquired data and for inter-subject registration. It can model global changes in scales 
and shape but not local variations in anatomy. For more precise alignment, nonlinear 
registration is often required; an affine transformation can provide a starting estimate for 
these more computationally demanding transformations. 
 
3.2.1.2 Nonlinear registration 
Some non-linear registration methods model the image to be transformed as a deformable 
elastic material or fluid (Bajaj, 1989; Christensen, 1996) others model the deformation as a 
smooth combination of basis functions or splines (Bookstein, 1989; Friston, 1995; Rueckert 
et al., 1999). Spline-based registrations require a set of landmarks to be placed in each image 
with transformations represented by a smooth combination of the deformations at each 
control point (figure 3.8). 
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Figure 3.8.  A non-linear transform can be modelled using a smooth approximation of 
deformations of regularly spaced control points. A transformed image is shown in (A) with a 
regular grid of control points overlaid in (B). The vectors in (C) describe the deformation required in 
order for the control points to match their corresponding positions in the untransformed, source image. 
The smooth deformation field in (D) describes the final transformation (image adapted from Ball., 
2011). 
 
3.2.2 Tissue segmentation  
Segmentation of the brain in to different tissue classes, such as white matter, grey matter and 
CSF can be used to estimate brain tissue volume differences between groups. Segmentation 
of the brain into different structures can be manual or automated procedures. Manual 
techniques involve delineation of a ROI on a slice by slice basis, it is time consuming and 
requires tests of reproducibility to control for possible operator error. In addition whole brain 
tissue segmentation on 3D anatomical MR images contains too much data for manual 
analysis (Zhang et al., 2001). 
Automated segmentation tools can be used to segment a 3D image of the brain into different 
tissue types without manual delineation of the region of interest. Automatic segmentation 
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techniques utilise the high contrast between tissues in MR images to segment the brain.  
Voxels are labelled according to probability values based on the intensity distribution in the 
image. The finite mixture (FM) model is the most frequently employed statistical model to 
describe the distribution in intensity variation in the image. The intensity variation in the 
image is determined by extracting a histogram of voxel count versus voxel intensity (figure 
3.9). However noise due to movement, bias field (intensity inhomogeneities in the RF field) 
and the partial-volume effect (multiple tissue class within a voxel) that is highly evident in 
older brains, all cause tissue classes to overlap in the image intensity histogram. The FM 
model only describes the data statistically. No spatial information about the data is utilised. 
Therefore, images with the same intensity distribution may have totally different structural 
properties. For this reason, FM model is not complete. To overcome this drawback, certain 
spatial properties, or constraints, have to be incorporated into the model. This leads to the 
consideration of a Markov Random Field theory, as found in FAST (FMRIBs anatomical 
segmentation Tool) and SIENAX (Structural Image Evaluation (with Normalisation) of 
Atrophy)) (Smith et al., 2007), part of FSL (FMRIB’s Software Library). This theory uses the 
spatial location of the voxel to determine its probability of belonging to a specific tissue class 
through contextual constraints of neighbouring voxels.   
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Figure 3.9.  Histogram of number of voxels versus voxel intensity. For well separated peaks 
such as those for CSF and brain tissue, segmentation is easy. However, possible overlap between 
peaks due to RF inhomogeneities can make it more difficult (adapted from Zhang et al., 2001). 
 
The image segmentation technique used in this thesis, FAST (FMRIB’s Automated 
segmentation Tool) corrects for spatial field intensity variation in the image based on hidden 
Markov random field model and an associated expectation maximisation algorithm, 
(estimates parameters in probabilistic models with incomplete data due to RF inhomogeneity) 
(Zhang et al., 2001). The end product is a bias field-corrected input image and a probabilistic 
and/or partial volume tissue segmentation. Estimates of atrophy in this thesis were measured 
using SIENAX (Smith et al., 2007), which uses FAST to segment brain tissue and has been 
successfully used to estimate atrophy in other ageing studies (Enzinger et al., 2005; Fein et 
al., 2004). 
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3.2.3 Subcortical shape analysis 
Whilst segmentation techniques allows estimation of volume changes within brain structures 
with disease and increasing age, shape analysis can be used to assess regional changes in 
volume within brain structures (Patenaude et al., 2011). Shape analysis utilises a Bayesian 
active appearance model to comparatively investigate shape and volume of structures in the 
brain. Joint shape and appearance models are used to locate subcortical structural boundaries 
without the need for smoothing. Therefore, it can accurately identify both location and 
direction of complex morphological alterations through direct measurement of geometric 
shape (Patenaude et al., 2011).  
The shape analysis used in this thesis was implemented using FIRST (FMRIBs Image 
Registration and Segmentation Tool) (Patenaude et al., 2011). The shape/appearance models 
used in FIRST are constructed from manually segmented images provided by the Centre for 
Morphometric Analysis (CMA), MGH, Boston. The manual labels are parameterised as 
surface meshes and modelled as a point distribution model (figure 3.10). The deformable 
surfaces are constrained to preserve vertex correspondence across the training data. 
Furthermore, normalised intensities along the surface normals are sampled and modelled. 
Both the shape and appearance model is based on multivariate Gaussian assumptions. FIRST 
searches through linear combinations of shape modes of variation for the most probable 
shape instance given the observed intensities in the high resolution image of the brain. The 
correspondence facilitates landmark based shape analysis from which other metrics, vertex-
wise multivariate statistics and discriminant analysis are used to investigate local and global 
size and shape differences between groups (Patenaude et al., 2011). 
79 
 
 
Figure 3.10.  Mean surface for thalamus. A. Surface rendering. B Mesh view of surface 
(adapted from Patenaude., 2007). 
 
This novel technique has been recently validated and shown to be consistent over a variety of 
magnetic field strengths and acquisition systems (Goodro et al., 2012). It has also recently 
been used to successfully investigate abnormalities in groups with large variation in brain 
structures such as long term alcoholics (Sameti et al., 2011), patients with Alzheimer’s 
disease (Zarei et al., 2010) and age-related changes in healthy populations (Goodro et al., 
2012). 
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3.3 Diffusion weighted MRI 
Diffusion weighted MRI utilises the random translational motion of water molecules which 
results from their thermal energy (Brownian motion). In a free fluid, molecules travel 
randomly over a distance that can be mathematically described by the diffusion coefficient. 
The diffusion coefficient depends on the temperature, the mass of the molecules and the 
viscosity of the medium. Tissue micro-structure can be probed using Brownian motion.  
Diffusion of water is random in a homogenous medium, movement occurs in all directions. 
The diffusion process can be described mathematically. If  P(r0: r, t) is the probability that a 
molecule initially at position r0 arrives at another position r after time t, then in an ideal 
homogenous fluid, P is a Gaussian function such that: 
 
          P(r0; r, t) = (4πDt)
-3/2 exp (-(r-r0)
2/4Dt)                      [3.2]  
 
Where D is the diffusion coefficient and t is time. D is a measure of the movement of 
molecule within their environment and is measured in units of mm
2
/s.  
If motion in three dimensions is considered, the average distance that a molecule travels in a 
given time is obtained from equation 3.3.   
                           l=√                                                                           [ 3.3] 
 
where l=root mean square distance travelled and t is time (Einstein, 1926). 
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In the presence of a spatially varying magnetic field, diffusing water molecules results in 
dephasing of the magnetic resonance signal. Since spatially varying magnetic fields are used 
for slice selection and spatial encoding in all MR images, diffusion of water molecules results 
in a reduction in signal intensity in all images, although the effect is normally quite small. 
Diffusion can be made the dominant image contrast mechanism by applying large magnetic 
field gradients in particular directions and provide visual variations in diffusion. A method of 
achieving this is the Stejskal-Tanner pulsed field gradient diffusion weighted spin echo 
sequence, shown in schematic form in figure 3.11.  
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Figure 3.11. Diagram of a simplified Stejaskal-Tanner pulsed field gradient diffusion 
weighted spin echo sequence. G=amplitude of diffusion gradients, δ = duration of the pulsed 
gradient; ∆ =time interval between the leading edges of the two pulsed gradients, S = signal. During the 
first diffusion gradient, spins accumulate a phase shift which depends on their position. A 180° pulse is 
applied to invert the spins. A second diffusion gradient is applied which is equal in amplitude to the first. 
Stationary spins do not lose signal as the phase shifts are equal in magnitude but, due to the 180° 
pulse, they have the opposite sign and cancel each other out. However, moving spins are not 
completely refocused, resulting in a loss of signal (adapted from Thompson et al., 1999). 
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The diffusion coefficient can be calculated from equation 3.4 
                                         S=S0e
-bD
                                                         [3.4] 
Where S =signal in the DW image, S0=signal in the reference image and b is given by the 
equation 3.5. 
 
                        b=γ2G2δ2( -δ/3)                                                                [3.5] 
 
where γ= the gyromagnetic ratio for protons, G =amplitude of the pulsed gradient, δ= 
duration of the pulsed gradient; ∆= time interval between the leading edges of the two pulsed 
gradients (leBihan et al., 1986). The units of b are s/mm
2
. 
The diffusion of water molecules in vivo provides information regarding structural features 
and tissue organisation. During typical diffusion times of 50-100ms, water molecules in brain 
tissue move over distances of 1-5μm, interacting with many tissue components, such as cell 
membranes, fibres and macromolecules. These processes hinder motion so that the distance 
travelled by a water molecule due to diffusion is less than that travelled in free water (at the 
same temperature). As the diffusion coefficient obtained in tissue is termed the apparent 
diffusion coefficient (ADC) as it depends on the local micro-structural environment and on 
the choice of diffusion weighting.  
Isotropic diffusion is the diffusion of water equally in all directions. However, diffusion in 
tissue is not necessarily the same in all directions. This directional dependence of diffusion is 
termed anisotropy. In cerebral white matter, diffusion anisotropy is thought to reflect 
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underlying organisation of fibre bundles (Moseley et al., 1990), hence anisotropy can be used 
to gain information about tissue architecture. In white matter fibre bundles, diffusion is faster 
along the direction of the tract than it is perpendicular to the tract, and so the measured ADC 
depends on the direction of diffusion sensitisation with which the rate of diffusion is 
measured. For this reason data is acquired in a number of different directions of diffusion 
sensitisation. Through the application of several diffusion-weighted gradients, it is possible to 
produce rotationally-invariant estimates of tissue diffusivity. 
 
3.3.1 Diffusion tensor imaging 
Diffusion tensor imaging (DTI) provides a measurement of the diffusion in tissues, which is 
independent of the position of the subject in the magnet, the orientation of structures within 
the tissue, the direction of the applied diffusion gradients and the choice of laboratory frame 
of reference. It requires the application of a minimum of six linearly-independent diffusion 
gradients. The tensor is represented by a 3 x 3 symmetric matrix that describes the diffusion 
profile in a given voxel, as shown in equation 3.6. 
 
                              D = 
         
         
         
                             [3.6] 
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The diagonal elements (   ,     and    ) correspond to diffusivity along three orthogonal 
axes of the tensor and the off-diagonal elements reflect the correlation between these 
displacements. The D tensor describes an ellipsoid, whose surface represents the root mean 
square diffusive displacement (Basser et al., 1994). A frame of reference, called the 
“principal frame” is rotated so that the axes are coincident with the principal axes of the 
diffusion ellipsoid and the off-diagonal elements of the diffusion coefficient disappear. In this 
rotated system the diffusion tensor is diagonal.  
The directions of the principal axes are specified by the eigenvectors of the diffusion tensor 
(figure 3.12). When D is expressed in the principal frame, the diagonal matrix elements are 
the principal diffusivities of the rotated coordinate system λX', λY' and λZ' which are 
rotationally invariant. The principal direction of diffusion is given by the eigenvector that 
corresponds to the largest eigenvalue (Basser, 1995). 
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Figure 3.12. The Diffusion ellipsoid representing anisotropic diffusion. Each tensor is 
expressed by three eigenvectors with values 𝜆x, 𝜆y and 𝜆z. In anisotropic diffusion the long axis of the 
ellipsoid, 𝜆z is greater than 𝜆y and 𝜆x. 
 
3.3.2 Quantitative measures of diffusion tensor imaging 
Quantitative indices derived from the diffusion tensor allow measures of mean diffusivity 
(MD) and diffusion anisotropy (Basser et al., 1994). The most commonly used measures of 
diffusion anisotropy are fractional anisotropy (FA), which is the fraction of the magnitude of 
D that can be attributed to anisotropic diffusion, and MD, which is the average diffusion 
along all three axis of the tensor (equation 2.7). In addition to calculating the mean diffusivity 
and diffusion anisotropy, DTI can be used to investigate the nature of the diffusion parallel 
(axial diffusion (AD), λ1) and perpendicular (radial diffusion (RD), (λ2+λ3/2) to white matter 
tracts.  
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These measures can be obtained from the following equations, 3.7 and 3.8 
 
                                                                   [3.7] 
                      [3.8] 
 
Analysing DTI in this way helps to gain an understanding of the causes behind changes in 
anisotropy. For example increases in anisotropy may be due to an increase in λ1 or decreases 
in λ2 or λ3 (or both). These parameters of the ellipsoid reflect distinct aspects of white matter 
microstructure, which allow us to infer biological characteristics of brain tissue. For example, 
increased RD is thought to be associated with demyelination of the white matter tracts and 
decreases in FA with decreased axonal coherence (Song et al., 2002). Age related increases in 
both RD and AD are likely to support pathology of both axon fibres and the surrounding 
myelin. This likely reflects higher extracellular volume due to lower membrane density as a 
result of both myelin disruption and axon loss (Meier-Ruge et al., 1992). 
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3.3.3 Diffusion Tractography 
In coherently organised white matter, water molecules preferentially diffuse along the 
direction of a white matter tract (Moseley et al., 1990). In DTI it is assumed that when a 
number of axons align themselves along a common axis, the diffusion of water molecules 
will be hindered more across the main axis than along it. However, image resolution in 
clinical DTI is typically in the range of 1 – 3 mm and a single voxel can contain many 
thousands of axons forming coherent fibre bundles. One major limitation of DTI is the 
inability to resolve the local diffusion profile of multiple fibre populations passing through a 
voxel with different orientations. 
There are a number of different methods available for performing tractography, but most of 
these methods can be classified as “line propagation techniques”, such as streamline 
(deterministic). The streamline tractography approach connects neighbouring voxels by 
propagating the ends of fibre tracts from user defined seed voxels until termination criteria 
are met, such as excessive angular deviation of the fibre tracts or sub-threshold voxel 
anisotropy. 
Streamline techniques, constrained by anatomically informed  ROI, are able to delineate the 
major white matter fasciculi in a manner that is both reliable and consistent with known 
neuroanatomy (figure 3.10 A) (Catani et al., 2002; Wakana et al., 2007). In addition, 
streamline tract-related indices including length, tract volume and diffusivity appear sensitive 
to psychiatric, neurological and neurodegenerative disease states (Ciccarelli et al., 2008).  
However, deterministic tractography is reliant on the direction of maximal diffusion in each 
voxel, a measurement that can be confounded by a number of factors. Low spatial resolution, 
poor signal-to-noise ratio and the presence of multiple fibre populations that cannot be 
modelled by the diffusion tensor can all introduce error into tract propagation (Ciccarelli et 
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al., 2008; Melhem et al., 2002). Reliance on relatively high anisotropy for accurate tracking 
also limits the application of these techniques in older populations, where cerebral white 
matter is characterised by generally lower anisotropy, and precludes tracking into cortical or 
subcortical grey matter. In addition, the method has no means of estimating the confidence or 
uncertainty in the location of each streamline at each point along its length 
Alternative approaches operate within a probabilistic framework. This method accounts for 
the uncertainty in voxel-wise diffusion estimates and often utilises multi-fibre models of 
diffusion to allow tracking though more complex fibre configurations (Behrens et al., 2007; 
Behrens et al., 2003b; Parker and Alexander, 2005). The goal of probabilistic tractography is 
to model the fibre orientation distribution in the voxel, and not just the diffusion of water 
within the voxel. Within a voxel, there are an infinite number of possible orientations with 
different levels of probability of being the correct orientation and therefore an infinite number 
of possible paths through which a white matter fibre can be aligned through the data. There is 
also uncertainty caused both by the noise and artefacts present in any MR scan, and by the 
incomplete modelling of the diffusion signal. Uncertainty in these parameters may be 
represented in the form of probability density functions (pdfs). Multiple streamlines are 
propagated from each voxel in a given seed region and the direction of each is drawn at 
random from the distribution of directions available. By repetitively sampling from the 
resulting probability distribution, a likelihood map of the diffusion path between two ROIs is 
generated (figure 3.10 B). Rather than delineating a single best path, as in deterministic 
method, the likelihood map shows the probability that a particle diffusing between ROIs 
traverses each voxel. Few termination criteria or constraints are required, although often a 
curvature threshold is applied (Behrens et al., 2003b). 
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Figure 3.13. Abstract representation of tensors in a 4 × 4 grid. (A) Streamline      
tractography propagates a fibre tract in the direction of principal eigenvector (denoted by the shape of 
the ellipsoid), preserving voxel-to-voxel directional information. (B) Probabilistic tractography produces 
a likelihood map of the diffusion path between two ROIs. Rather than delineate a single best path, the 
likelihood map shows the probability that a particle diffusing between ROIs traverses each voxel. Left 
coronal image shows reconstruction of the cortico-spinal tract (CST) using deterministic method and the 
right coronal image shows reconstruction of the CST using the probabilistic method. Each voxel is 
assigned a colour from a hot-iron scale where black (no colour in this case) means that there is zero 
connection probability, red-hot indicates intermediate probability and white-hot indicates a high 
connection probability (image B taken from the Human Connectome Project, 2012). 
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As a result, probabilistic algorithms show robustness to noise and paths that have taken an 
erroneous route tend to disperse quickly as they have lower probability values. It is able to 
track through regions of low anisotropy such as grey matter. Importantly, it also provides a 
measure of connectivity, in terms of pathway probability, that has been used to reliably 
quantify connections between remote structures in both adult and paediatric populations 
(Behrens et al., 2003b; Johansen-Berg, 2009). However anatomical locations beyond this 
uncertain region must be made with lower confidence. 
Partial volume effects (especially in voxels of older brains due to atrophy and increased 
number of voxels containing CSF) can prove problematic when transformed FA maps are 
analysed directly. In voxels that contain more than one type of tissue, a change in the ratio of 
tissue type can result in a change in intensity and interpretation as a micro-structural change 
reflected by altered FA. Therefore, it can be difficult to separate changes in contrast due to 
altered FA from those caused by mis-registered or altered anatomical borders (i.e. enlarged 
ventricles), this may be a problem in ageing populations with known structural alterations. 
 
3.3.4 Tract based spatial statistics  
Tract-based spatial statistics (TBSS) is an automated method of aligning FA images from 
multiple subjects to allow group-wise comparisons of DTI data (Smith et al., 2006).  This 
approach aims to reduce mis-registration errors by generating a skeletonised data set that 
represents the centre of all white matter tracts common to a group on which statistical 
analysis is then performed.  
Individual FA maps are co-registered using non-linear alignment to produce an intensity-
averaged image of the co-registered data. The averaged co-registered data is then thinned 
using non-maximum suppression perpendicular to the local tract direction. This process 
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identifies voxels of the highest FA, which are assumed to represent the centre of each tract. 
The result is a skeletonised image of the centre white matter tracts common to the group.  
Individual FA values are then projected onto the group FA skeleton. This uses a local search 
method to find the highest FA voxel nearby (assumed to represent the centre of the relevant 
tract in each individual) and project its value onto the appropriate skeleton voxel (figure 
3.14). This process aligns the core of the white matter across individuals for analysis using a 
method that is robust to small alignment errors. As sub-optimal registration and misalignment 
can result from high anatomical variability, such as that seen in younger compared to older 
populations, TBSS is particularly suitable for whole brain voxel-based DTI analysis in an 
ageing cohort. However, analysis is confined to major white matter tracts of the brain that can 
be reliably identified from the white matter skeleton.  
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Figure 3.14. Generating the FA skeleton in TBSS. (A) All subjects FA maps are aligned into a 
common space to create the mean FA image. (B) The mean FA image is thinned to create the Mean 
FA skeleton (C). Each subjects aligned FA data is projected onto the skeleton by filling the skeleton 
with FA values from the nearest relevant tract centre (D). (Adapted from Smith et al., 2006). 
 
3.4 Functional magnetic resonance imaging  
FMRI exploits the altered magnetic resonance signal associated with increased neuronal 
activity to assess brain function. Neurons consist of highly branched trees of fine dendrites 
extending outwards from the cell body, and an axon that carries outgoing signals. The 
dendrite branches communicate with dendrites of another neuron at a synapse. Dendrite 
synapses are the primary substrate for neuronal information processing. Neuronal processing 
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of information requires energy to transfer signals between two synapses (synaptic junction). 
Increased neuronal activity results in localised increases in cerebral blood flow (CBF) and 
blood volume (BV), which increases the supply of glucose and oxygen to the neuron. 
However, this causes the fraction of oxygen used by the neurons, called the oxygen extraction 
fraction (OEF), to decrease (figure 3.15). The overall increase in oxygenated blood and 
decrease in deoxygenated blood causes a local disturbance in magnetic field homogeneity and 
alters the MR signal. The MR signal is altered because deoxyhaemoglobin is paramagnetic, 
that is, it has magnetic susceptibility which causes a field gradient around the vessels and 
shortens T2*. However, when oxygen binds to the haem group, the magnetic susceptibility of 
blood is reduced. The surrounding field gradient is reduced which increases T2*. Hence the 
BOLD contrast effect arises when the magnetic susceptibility of blood is altered by a change 
in the concentration of deoxyhaemoglobin, producing less field gradients around the vessels 
and an attenuation of the MR signal (Ogawa et al., 1990).   
FMRI provides a non-invasive way of quantitatively measuring neural activity, with good 
whole brain spatial specifity and relatively good temporal sensitivity. Although fMRI is an 
indirect measure of neural activity, seminal work by Logothetis et al. (2001) have shown that 
electrophysiological signals produced by the electrical current flowing from all nearby 
dendritic synaptic activity within a volume of tissue correlates with BOLD responses. 
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Figure 3.15. The BOLD Effect: Schematic diagram of the synaptic junction (black ovals) between 
two dendrite trees.  Activation at the synaptic junction requires increased cerebral blood flow (CBF), 
increased blood volume (BV), but reduced oxygen extraction (OEF) which causes a disturbance in the 
magnetic field homogeneity, by reducing the magnetic susceptibility of blood vessels and an increase in 
T2*. 
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3.4.1 Haemodynamic response function 
The time course of the BOLD response to a brief stimulus within a voxel has been found to 
be largely reproducible across subjects and conditions, and is called the haemodynamic 
response function (HRF). The magnitude of the signal change due to the BOLD effect is quite 
small (3% at 1.5T) (Jezzard, 2009) and the BOLD response to a stimulus is delayed and quite 
slow (~10seconds) (figure 3.16 (A)). Once the HRF is extracted from the voxel it is 
convoluted to match the time course of the applied stimulus.  
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Figure 3.16. The haemodynamic response. (A) A brief stimulus produces a BOLD 
haemodynamic response that is delayed and broadened (Glover, 1999). (B) The square wave 
describes the input stimulation timing (blocked design where stimulus is switched on then off), the 
smoothed waveform results from convolving the first with the haemodynamic response function, a 
transformation that leaves the model looking more like the measured data (adapted from Jezzard et al., 
2009). 
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3.4.2 Extracting the functional MR signal 
The full measured data consists of the sampled signal over time and the added noise at each 
of the measurement times. Extracting the signal of interest is carried out using a number of 
pre-processing steps. There are several different standardised pre-processing sequences, 
however, the methods described and used in the work of this thesis are those as implemented 
in FSL (Smith et al., 2004). The main output from these pre-processing steps is a statistical 
map which indicates those points in the image where the brain has significant activation in 
response to the stimulus. 
 
3.4.3 Motion correction 
Motion correction attempts to remove the effect of subject motion during the experiment 
through global optimisation and registration techniques (Jenkinson et al., 2002). Successive 
functional volumes are realigned to a reference volume in image space. The middle image 
from the 4D fMRI data is used as a template. The spatial displacement of the fMRI volumes 
can be described by translation and rotation along the x, y and z-axes. These six parameters 
are estimated iteratively by analysing how a source volume should be translated and rotated 
in order to better align with the reference volume. An initial search identifies the minimum 
cost function for the transformation between the middle volume and adjacent volume. This is 
then used as an estimate for the transformation between the middle volume and the volume 
beyond the adjacent one. The iterative adjustment of the parameters stops if no further 
improvement can be achieved. The final motion parameters are then applied using 
interpolation to the source volume to produce a new motion corrected volume.   
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3.4.4 Slice timing correction 
Functional brain volume data are usually acquired one slice at a time and subsequent analysis 
assumes that the volume has been acquired exactly half-way through the relevant volume's 
acquisition time (TR). Slice timing correction works by an interpolation to shift each time-
series by an appropriate fraction of a TR relative to the middle of the TR period. Other 
methods include modelling known nuisance factors during analysis in the model setup 
(Friston et al., 1998). That is, using the temporal derivatives of the expected HRF in the 
general linear model (GLM). This changes the data in a way as if the whole volume would 
have been measured at the same moment in time. 
 
3.4.5 Spatial filtering 
Spatial filtering is carried out on each volume of the fMRI data set separately.  It is intended 
to reduce noise without reducing valid activation and hence increases the signal to noise ratio 
in the data. The data points (signal within each voxel) are averaged with their neighbours 
using a Gaussian kernel to reduce the number of independent variables. Each value is 
replaced with a weighted average of itself and its neighbours. For example, a Full Width Half 
Maximum (FWHM) of 10 pixels means that, at five pixels from the centre, the value of the 
kernel is half its peak value. The result is that sharp "edges" of the images are blurred and 
spatial correlation of signal intensity within the data is more pronounced (figure 3.17). 
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Figure 3.17. Spatial filtering (A) graph representing the independent signal strength in each voxel. 
(B) graph showing the smoothed independent signal strength with a predetermined Gaussian 
smoothing kernel of Full Width at Half Maximum. (adapted from Brett et al., 2003). 
 
3.4.6 Temporal filtering. 
In addition to spatial filtering the data also undergoes temporal filtering. Noise in the signal 
that can be attributed to random thermal noise and physiological noise. Thermal noise arises 
primarily from stray currents in the body that induce random signals in the receiver coil 
(Buxton, 2008). Physiological noise is derived from cardiac and respiratory fluctuations. 
High pass filtering is used for low frequency changes, such as those produced as a result of 
scanner drift and slow head motion. Low pass filtering was traditionally used to remove high 
frequency noise as found in cardiac pulsation. However it can reduce the power of the 
analysis by ‘smoothing’ the peak of the response (Jezzard, 2009). Common sources of noise 
can be auto-correlated and therefore produce biased estimates of the error variance (Monti, 
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2011a). Therefore pre-whitening is carried out later on the pre-processed data during the 
setup of the GLM. Pre-whitening estimates and corrects the auto-correlation using a non-
parametric algorithm prior to calculating the model parameter (Woolrich et al., 2001). 
 
3.4.7 The General Linear Model  
General linear modelling sets up a linear model and fits it to the data (Friston et al., 1994). A 
good fit between the model and the data and a linear model means that the data was probably 
caused by the stimulation. The fitting of models to a single voxel’s data time course 
comprising of a single 1D vector of intensity values is given in the following linear equation 
for one stimulus, 
                       Y(t)=β*x(t)+c+e(t)                                    [3.9] 
Where y(t) are the data intensity values as a function of time t. x(t) is a 1D vector  
representation of the modelled stimulus, for example, this maybe a series of 1s and 0s for a 
simple on/off stimulus. β is the parameter estimate for x(t), i.e the value the square wave must 
be multiplied by to fit the square wave component in the data. c is the constant that 
corresponds to the base line intensity of the data and e is the residual error between the fitted 
model and the data. 
If a particular voxel responds strongly to the model x(t), the model fitting will find a large 
value for β. Different model wave forms within a model are referred to as explanatory 
variables (EVs).If there are two types of explanatory variables, the model would look like 
figure 3.18. 
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Figure 3.18. Liner model and matrix design for two explanatory variables. Y(t) is the fMRI 
data represented by the time series in the red and black column on the left. β1and β2 are the parameter 
estimates for the first and second explanatory variables (x1(t) and x2(t)) respectively, represented by the 
two modelled middle time series columns and e is the residual error between the fitted model and the 
data (noise), represented by the right red and black column. 
 
To convert the parameter estimate (PE), the estimated β value, into a useful statistic, its value 
is compared with the uncertainty in its estimation. The PE is therefore commonly expressed 
as a t-statistic, and further converted in to a normally distributed Z-statistic which represents 
the distance between the raw activity score and the mean activity score in units of the 
standard deviation. Hence the t and Z maps are statistical maps which indicate those points in 
the image where the brain has significant activation in response to the stimulus. 
PEs can also be compared to test directly whether one EV is more directly related to the data 
than another. This is done by subtracting one PE from another, the standard error for this is 
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calculated and a new t-statistical image is created. This is simply written as a contrast of [-1 
1] and the PE is equal to  
                                        -1xβ1 + 1xβ2                                                [3.10] 
Where β1 is the parameter estimate for the first EV and β2 is the parameter estimate for the 
second EV. 
 
3.4.8 Gaussian Random Field Theory 
The resultant t or Z image contains thousands of voxels with thousands of statistic values, 
which will need correction for multiple comparisons. For this, Gaussian Random Field (GRF) 
theory is applied to the image. This method of thresholding takes into account the spatial 
smoothing of clusters of activation, before estimating the significance.  
The data is first smoothed with a Gaussian kernel to reduce the number of independent 
variables. The resultant smoothed image contains spatial correlations which are typical of the 
output from the analysis of the functional imaging data (figure 3.19). 
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Figure 3.19. The effect of smoothing the fMRI data with a Full Width Half Maximum 
Gaussian kernel. (A) Simulated image slice using independent random numbers from the normal 
distribution. Whiter pixels have more activity. (B) Random number image from image A after smoothing 
with a Gaussian smoothing kernel of Full Width at Half Maximum, resulting in clusters of activation 
taken from (Brett, 2004). 
 
Blocks of voxels defined by the FWHM applied to the data are called resels which are a 
measure of the resolution elements in the statistical map (Worsley et al., 2004). From this 
smoothed image the Euler characteristic (E [EC]) can be found. The Euler characteristic can 
be thought of as the number of blobs in an image after thresholding. If the number of resels in 
the image is known then it is possible to calculate E [EC] at any given threshold (equation 
3.11). 
             [3.11] 
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Where R are the number of resels in the image and Zt is the Z score threshold. Hence if the 
number of resels are known (calculated from the FWHM) then it is possible to calculate the 
Euler characteristic for any given threshold. 
 
3.4.9 Group fMRI-Fixed, Random and Mixed effects analysis 
Data from multiple subjects can be statistically analysed by concatenating time courses at 
corresponding locations onto standard space. The concatenation approach leads to a high 
statistical power since a large number of events are used to estimate the β values. However, 
the obtained statistical results from concatenated data and design matrices cannot be 
generalised to the population level since the data is analysed as if it originates from a single 
subject that is scanned for a long time (Friston et al., 1999). A fixed effects analysis assesses 
observed activation effects with respect to the precision with which the fMRI signal can be 
measured. The source of variability in a fixed effects analysis is within-subject variance. 
Variance across subjects is not included. 
In order to test whether the obtained results are valid at the population level, the statistical 
procedure needs to consider that subjects constitute a randomly drawn sample from a large 
population. In this approach, statistical testing assesses whether the magnitude of an effect is 
significant with respect to the variability across subjects in a random effects analysis. 
Random effects uses a multi-subject design matrix which models both within-subjects and 
between-subjects variance components (Beckmann et al., 2003). In the first stage analysis, 
parameters (summary statistics) are estimated for each subject independently (fixed effects). 
The resulting first-level parameter estimates (β) from each subject are carried forward to the 
second analysis stage where they serve as the dependent variables. The second level analysis 
assesses the consistency of effects within or between groups based on the variability of the 
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first-level estimates across subjects (random effects). Since the summarised data at the 
second level reflects the variability of the estimated parameters across subjects, obtained 
significant results can be generalised to the population from which the subjects were drawn as 
a random sample. 
General Linear Models make strong prior assumptions about the spatiotemporal 
characteristics of signals contained in the data. The inferred spatial patterns of activation 
depend on the validity and accuracy of these assumptions and the applied model to the data. 
The most obvious problem with hypothesis based techniques is the possible presence of 
unmodelled signal in the data. This may introduce bias into estimates of the variance, thus 
affecting test statistics and false positive rates (Monti, 2011b). Furthermore, this bias can 
affect both individual subject and group-level statistics, potentially yielding qualitatively 
different results across replications (Calhoun et al., 2004b). 
 
3.4.10 Independent component analysis 
Independent component analysis (ICA) is a whole brain exploratory analysis technique that 
requires no prior modelling of the fMRI data or identification of a priori seed ROI. 
Within the 4D fMRI data set there are mixture of unknown signals, comprising noise due to 
scanner artefact, head motion, cardiac and respiratory effects as well as spontaneous 
fluctuations in the BOLD signal. Undoing this mixing process is a problem known in the area 
of signal processing as the blind source separation (BSS). The goal of ICA is to express a set 
of random variables (the mixed signals) as linear combinations of statistically independent 
component variables. Voxels with highly correlated time courses, (such as noise), that do not 
overlap with time courses of other voxels are assumed Non-Gaussian and mutually 
independent and are called independent components within the data (McKeown et al., 1998). 
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To reduce the chances of the analysis picking out Gaussian distributed signals, such as those 
found in CSF, the data is first variance normalised. This ensures that the voxels which do not 
contain any signal end up being modelled well by a single Gaussian distribution. It then 
separates out mutually exclusive non-Gaussian units by decomposing the fMRI data into a set 
of statistically independent spatial and associated time course component maps (figure 3.20). 
The estimated IC maps are transformed to voxel-wise Z-statistics by dividing the raw IC 
maps estimated by ICA by the standard deviation of the residuals from the variance 
normalisation step. Finally, these maps are thresholded in order to infer voxels that are 
significantly modulated by the component time courses (Beckmann, 2012).  
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Figure 3.20. Independent component analysis decomposes the 4D fMRI data into 2D 
statistically independent spatial and associated time series maps. 
 
The number of components extracted using ICA can explain up to 99.9% of the variance in 
the data. The question as to how to estimate the optimal component number remains unclear 
(Beckmann, 2012). A high number of components can spatially divide known control 
networks in the brain into anterior and posterior components or alternatively a low number of 
components, can result in multiple networks. Although, it does not allow specific questions 
about the locality of significant signal changes in response to well-designed experimental 
manipulations, it remains a powerful tool in helping to characterise brain function in the 
absence of experimental manipulations. It can also detect unexpected responses to stimuli, 
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including random responses or transiently task related responses (Calhoun et al., 2004a). 
Furthermore, it is an effective tool for denoising fMRI, both with respect to random noise and 
confounding signals such as pulsation and breathing artefacts (McKeown et al., 2003).  
 
3.4.10.1 Dual regression 
Dual regression is an analysis method used to estimate group differences in functional 
connectivity within intrinsic connectivity networks within the brain (Beckmann et al., 2009; 
Filippini et al., 2009). Seed-voxel/region-based regression approaches (Biswal et al., 1995) 
and ICA based techniques (Beckmann et al., 2005) have been used extensively in order to 
identify patterns of functional connectivity under rest. These approaches have proven useful 
in characterising ICNs at the individual subject level. However, dual regression allows 
comparison of network activity between groups.  
Once components or ICNs of interest are identified using ICA, dual regression is then used to 
identify within each individual subjects’ fMRI data, spatial maps and associated time courses 
corresponding to the multi-subject ICA components.  
Dual regression proceeds in three steps. Step 1: all unthresholded group maps from the ICA 
output are linearly regressed against the pre-processed functional data from each individual 
(spatial regression). This produces subject-specific time courses of signal fluctuation 
corresponding to each group-level independent component (IC). Step 2: the time courses are 
variance-normalised and then linearly regressed against the corresponding fMRI data 
(temporal regression), converting each time series into subject-specific spatial maps of the 
corresponding component. This method reliably produces subject-specific approximations to 
the unthresholded spatial ICs in the group ICA output (Zuo et al., 2010). Step 3: Voxel-wise 
differences in functional connectivity between two groups within each component of interest 
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is assessed using randomise. The output is a spatial map showing network group differences 
in co-activity.  
In contrast to a seed-voxel or seed-region based analysis approach the method does not rely 
on a single seed location but integrates the temporal information in the fMRI data across 
multiple distributed networks identified in the initial group ICA. Therefore the use of ICA 
with dual regression to assess group differences in network functional connectivity provides a 
principled and reliable approach to the identification of between-subject differences in resting 
functional connectivity (Beckmann et al., 2005; Zuo et al., 2010). 
 
3.4.11 Seed based correlation analysis 
Whilst fMRI can assess minute changes in BOLD signal during a controlled stimulus in a 
particular region of the brain, it can also be used to assess functional connectivity within a 
network of brain regions. Voxels whose time courses are highly correlated across time are 
believed to be functionally connected and constitute functional networks in the brain.  
Disruption to the functional coherence of the BOLD signal, that is the functional connectivity 
between brain regions, provides complementary information which helps to further quantify 
function and dysfunction at a systems-level (Greicius et al., 2009; Seeley et al., 2009).  
Biswal and colleagues (1995) first identified low-frequency coherent, spontaneous BOLD 
fluctuations bilaterally in the somato-motor cortical regions using a seed-based approach to 
derive time course models of functional connectivity. This method requires the a priori 
selection of a voxel, cluster or atlas region. The data is then used as a regressor in a linear 
correlation analysis or is used to supplement a model with confound regressors of no interest  
in a GLM analysis. This allows the user to calculate whole-brain, voxel-wise functional 
connectivity maps of covariance with the seed region. This technique has proven useful in 
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revealing the connectivity properties of many seed areas, and has been applied in the 
literature by many groups (Fox et al., 2005; Greicius et al., 2003; Margulies et al., 2007). Its 
primary advantage is that it shows the network of regions most strongly functionally 
connected with the seed voxel or ROI.  Recent assessment of the test-retest reliability of these 
methods has indicated that ICN connectivity relationships can be identified by seed based 
correlational analysis with moderate to high reliability (Shehzad et al., 2009) This univariate 
approach of correlating the time series of a single voxel with those of each other voxel in a 
brain image disregards the richness of information available within the statistical 
relationships between multiple data points (Cole et al., 2010). Prior selection of a seed region 
imposes anatomical restrictions on the measurement of network connectivity, and 
consequently on interpretations of systems-level hypotheses. This issue is contingent on 
investigator specific (seed size or location) and subject-specific (spatial normalisation or 
functional localisation) choices potentially resulting from the method of a priori seed-
selection employed. 
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3.5 Assessments of cognitive function  
Neuropsychological tests are used to assess cognitive function across a wide variety of 
cognitive domains. The neuropsychological tests sensitive to specific cognitive impairments 
associated with age used in this thesis are shown in table 1.  
Cognitive Domain Cognitive Subset Cognitive test 
Intellectual ability Pre-morbid 
intelligence 
Wechsler Test of Adult Reading (WTAR) 
 Verbal WAIS Similarities 
 Non-verbal WAIS Matrix reasoning 
   
Memory Working memory WAIS Digit span 
 Associative People Test, immediate recall 
  People test, delayed recall 
   
Executive function Cognitive 
flexibility 
D-KEFS Colour word interference test 
(Stroop) 
 Alternating switch 
cost 
D-KEFS Trail Making Test B/A 
 Word generation 
fluency 
D-KEFS Letter fluency F+A+S total 
   
Processing Speed Visual search 
complex 
D-KEFS Trail Making Test A (s) + Trail 
Making Test B (s) 
   
Cognitive impairment 
screen 
 Mini Mental State Examination (MMSE) 
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Table 1: The cognitive domains and specific tests used to measure cognitive ability. 
WTAR= Wechsler test of Adult Reading , WAIS=Wechsler Adult Intelligence Scale, D-
KEFS= Delis-Kaplan Executive Function System, s=seconds  
 
 
3.5.1 The Mini-Mental State Examination  
The Mini Mental State Examination, (MMSE) (Folstein, 1975) is a collection of questions 
that test various cognitive domains including orientation to time and place, repetition, verbal 
recall, attention, calculation, language and visual construction. It has been widely used as a 
brief test of cognitive ability in multiple cognitive domains in clinical and research settings, 
with adequate validation (Tombaugh and McIntyre, 1992). The aims of the MMSE are to 
screen for cognitive impairment, assess the severity of impairment and to monitor change. 
The maximum score in the test is 30, with scores of 23 or lower indicative of cognitive 
impairment (Foreman and Grabowski, 1992).  
 
3.5.2 Wechsler Adult Intelligence Scale  
The Wechsler Adult Intelligence Scale (WAIS) (Wechsler et al., 1999) is a battery of tests 
designed to measure general intelligence in adults. It is based on the belief that general 
intelligence is composed of various specific and interrelated functions that can be 
individually measured (Kaplan, 2010). It provides scores for Verbal IQ (Intelligence Quota), 
Performance IQ, and Full Scale IQ, along with four secondary indices (Verbal 
Comprehension, Working Memory, Perceptual Organization, and Processing Speed). In this 
thesis the Wechsler Test of Adult Reading (WTAR) was used as a measure of pre-morbid 
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intelligence and WAIS tests of verbal and non-verbal intelligence were assessed via the use 
of the Similarities test and Matrix Reasoning tests respectively.   
 
3.5.2.1 Wechsler Test of Adult Reading  
Estimates of pre-morbid intellectual functioning can be assessed by using the Wechsler Test 
of Adult Reading (WTAR) (Holdnack, 2001). This reading test is composed of a list of 50 
words that have atypical grapheme to phoneme translation so as to minimise the ability of the 
participant to apply standard pronunciation rules and at the same time assess previous 
learning of the word (Spreen, 1988).  Unlike many intellectual and memory abilities, reading 
recognition is relatively stable in the presence of cognitive declines associated with normal 
ageing (Deary et al., 2009). In standardised samples, WTAR scores were shown to correlate 
highly with measures of verbal IQ, verbal comprehension, and full scale IQ (Green, 2008). 
Therefore the purpose of the WTAR is not for the assessment and diagnosis of developmental 
reading disorders, but rather for an initial estimation of pre-morbid intelligence and memory. 
 
3.5.2.2 Wechsler Adult Intelligence Scale of verbal comprehension - Similarities test 
The Wechsler Adult Intelligence Scale (WAIS) - Similarities test, measures verbal 
comprehension. This test assesses logical thinking, verbal concept formation and verbal 
abstract reasoning (Kaplan, 2010). The test is thought to theoretically reflect higher cortical 
functions of the brain that requires both crystalline and fluid intelligence (Golden, 2000). 
The Similarities test offers a good estimate of general intelligence in normal populations, but 
is more scattered in impaired participants and is not considered to be a good estimate of 
premorbid functions because of its partial sensitivity to a variety of injuries and its lower 
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correlation with general intelligence than other vocabulary tests (Golden, 2000). Very low 
scores on Similarities can suggest impairment in verbal abstract skills. This can be a 
reflection of injuries to the prefrontal lobe which can be identified through deficits in such 
tests as the Stroop, and Trail Making Test B (Golden, 2000).  
As the Similarities Test relies both on  crystalline and fluid intelligence, studies have shown 
that ageing is associated with similar scores for young individuals for similarities between 
concrete words such as “grapes and strawberries” but not for more abstract words like 
“capitalism and socialism” (Rozencwajg, 2008). It is thought that this may be due to 
executive functions needed to categorise words whereas semantic knowledge of the words 
which uses crystallised intelligence, is not sufficient to carry out the task to a high standard  
(Pennequin et al., 2004).   
 
3.5.2.3 Wechsler Adult Intelligence Scale of Working Memory - Digit Span 
The WAIS Digit Span for intellectual and memory assessment is related to central executive 
functioning in particular, working memory and attention (Bradley, 2002). 
For the Digit Span Forward, a sequence of digits are read aloud and the participant repeats 
the digits in the same sequence. For Digit Span Backward, sequences of digits are read aloud 
and the participant repeats the same digits but in reverse order. 
Forward and Backward Digit Span is associated with memory storage capacity (Conners, 
1998). However, backward repetition of digits also requires spatial planning and intelligence 
(Griffin, 1983; Ramsay and Reynolds, 1995). Spatial planning involves serial position 
processing, which is related to temporal processing and ordering, all of which are functions of 
the frontal lobes (McAndrews and Milner, 1991), in particular, the dorsolateral prefrontal 
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cortex (Fuster, 1995, 2000). This region is thought to mediate the formulation of temporal 
organisational structures that are necessary to learning and memory. 
A poor absolute score on Digit Span Forward suggests reduced attentional processes or poor 
memory (Golden, 2000). A poor absolute score in the Digit Backwards Span with a normal 
Digit Forward score may indicate sequencing problems or poor retention of verbal material 
and working memory (Golden, 2000).  
Ageing studies have shown that there is a small but reliable decline in forward span scores 
with increasing age (Dobbs and Rule, 1989; Salthouse et al., 1991), with some studies 
reporting an association with education (Karakas et al., 2002). Further analysis of this has 
shown that young adults’ success at the Digit Span tests are as a result of the effective use of 
rehearsal strategies (Burtis, 1982; Case, 1982). However with ageing, both the quantity and 
the quality of rehearsal changes are reduced (Jackson, 1985).  
 
3.5.2.4 Wechsler Adult Intelligence Scale of non-verbal reasoning - Matrix Reasoning 
Matrix reasoning tasks measures non-verbal abstract problem solving that involves fluid 
intelligence, working memory and speed of processing (Yuan, 2006). The test contains 26 
pattern matrices, an example is shown in figure 3.21. There are four categories of matrices 
designed to provide a reliable measure of visual information-processing and abstract 
reasoning skills. These four categories of matrices are continuous and discrete pattern 
completion, classification, analogy reasoning, and serial reasoning. Each item includes 
features and type of stimuli that can be manipulated during the problem solving process, such 
as colour, pattern, shape, size, position and direction. Problem solving involves the mental 
tasks such as folding, rotating, mirroring, switching, cutting, adding and flipping. A 
117 
 
progression of difficulty is developed by adding more stimuli and mental tasks to each 
matrix. 
                          
Figure 3.21 Example of a test matrix used in the Matrix Reasoning Test.  
 
There is evidence of an age-related decline in performance on Matrix Reasoning tasks 
(Darowski et al., 2008; Salthouse, 1993a). This is thought to be due to its heavy reliance on 
fluid intelligence and working memory (Ardila, 2007; Salthouse, 1993a), both of which are 
cognitive domains that show age related decline. Poor performance in older adults on this test 
has also been related to attentional deficits, an inability to ignore or control the processing of 
distracting information (Darowski et al., 2008; Hasher, 1988). In addition, older adults have 
shown significant variance in fluid intelligence measures using the Matrix Reasoning tests 
that have been associated with speed of processing and frontal function measures (Bugg et 
al., 2006).  
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3.5.2.5 Wechsler Adult Intelligence Scale of verbal memory  
The WAIS Logical Memory parts I and II, requires the participant to recall or recognise 
elements from a short story. It assesses immediate and delayed short term verbal memory 
performance as well as recognition memory. Logical memory requires more active 
processing of information than measures such as the Digit Span tasks. 
 Regions of the brain associated with encoding and retrieval of short term memory events 
include frontal and temporal lobes, in particular the left prefrontal cortex, and left 
hippocampal formation (Morcom and Rugg, 2002; Simensky and Abeles, 2002). Compared 
with young adults, healthy older adults show good immediate recall but deficits in retention 
over a delay (Johnson et al., 2003) which supports the idea that there is a breakdown in 
retention processes with age.  
 
3.5.3 The Delis-Kaplan Executive Function System  
The Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001a) is 
a set of standardised tests for comprehensively assessing higher-level cognitive functions, in 
both children and adults. They were designed to assess mild brain damage in general and in 
particular mild frontal-lobe involvement. The D-KEFS is made up of nine tests that measure 
a wide range of verbal and nonverbal executive functions. The assessments used is this thesis 
include measures of processing speed and mental flexibility via the D-KEFS Trail Making 
Tests A and B and the D-KEFS colour word interference test (Stroop). Measures of verbal 
executive function were assessed using the D-KEFS Verbal Fluency Test.  
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3.5.3.1 The Delis-Kaplan Executive Function System - Trail Making Tests A and B 
The Trail Making Test (TMT) is a neuropsychological test of frontal lobe function in 
particular the left dorsolateral prefrontal cortex and the medial prefrontal cortex (Moll et al., 
2002; Zakzanis et al., 2005). The test is administered in two parts; Part A (TMT A) which 
tests visual scanning, numeric sequencing, and visuo-motor speed and Part B (TMT B) which 
tests cognitive demands including visual motor, visual spatial abilities, working memory  and 
mental flexibility. A more pure indicator of executive function can be obtained by subtracting 
the TMT B score form the TMT A score  (TMT B –TMT A)  (Sanchez-Cubillo et al., 2009).  
The TMT A and TMT B have long been validated as a test of organic brain injury (Reitan, 
1958). However, the test can be more skewed towards better educated individuals as studies 
have found that education level is a variable that affects TMT scores (Tombaugh, 2004). 
Ageing studies have shown that older groups show longer times to complete both tests than 
younger groups and therefore is a useful tool for identifying alterations in general frontal lobe 
function in older individuals (Tombough, 2004).  
 
3.5.3.2 The Delis-Kaplan Executive Function System - Colour-Word Interference Test.  
The colour word interference test is based on the Stroop effect (Stroop, 1935), which 
evaluates both inhibition and cognitive flexibility. The test measures the ability to inhibit an 
over-learned verbal response (i.e., reading printed words) to generate the conflicting response 
of naming the dissonant ink colours in which the words are printed (figure 3.22). It was 
designed to evaluate both cognitive flexibility and ability to inhibit perseverative and 
unplanned impulsive verbal responses. Successful behaviour during the Stroop test 
(inhibition) requires engagement of attentional networks in the brain, that commonly include 
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the dorsolateral prefrontal cortex, anterior cingulate cortex, and posterior parietal cortex 
(Chen et al., 2012; Liu et al., 2004). 
 
                                                  
Figure 3.22. Example of a Colour Word Interference Test card. The participant is required 
to name the colour if the ink and not the word which requires inhibition of the more  salient automatic 
task of reading words in order to name the dissonant ink colours quickly. 
 
Previous research has demonstrated an age-related decrease in inhibition and cognitive 
flexibility using the Colour Word Interference Test (Graf et al., 1995; Spieler et al., 1996; 
West and Alain, 2000), thus reflecting attentional deficits and a greater susceptibility to the 
effects of interference (Hasher, 1988; McLeod, 2007).  
 
3.5.3.3 The Delis-Kaplan Executive function system - Verbal fluency test 
Impairments of executive function have been implicated as contributing to a wide range of 
linguistic abilities. The test evaluates the fluency with which the participant can generate 
lexical items while simultaneously observing several rules or restrictions. Higher level 
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functions employed by this task include initiation, simultaneous processing, systematic 
retrieval of phonemically similar lexical items, and speed of processing (Kemper et al., 
2009).  
Reported age differences on verbal fluency tasks are inconsistent. Some studies have found 
that younger adults perform better on verbal fluency tasks than older adults (Hultsch et al., 
1992; Parkin and Walter, 1992; Salthouse, 1993b), whereas others have revealed no age 
differences (Bolla et al., 1990; Tombaugh et al., 1999). One reason for the equivocal findings 
could be that these tasks reflect processes which may be well maintained into old age, such as 
crystalline intelligence whereas others may decline, such as speed of processing (Rosen, 
1980). Education may also be a buffer in old age to performance on this task as some studies 
have found a greater effect of education of scores of verbal fluency than age (Tombaugh et 
al., 1999). 
 
3.5.4 People test-Verbal recall-immediate and delayed 
The People test is a subset of the Doors and People test. It is a neuropsychological test of 
verbal recall memory which involves associative learning (Baddeley, 1992).  
Associative learning is defined as the ability to learn and remember the relationship between 
unrelated items, such as the name of someone you have just met. The novel information is 
first acquired, and if strengthened through a process called consolidation, it is eventually 
stored in long-term memory. The structures of the frontal and medial temporal lobe are 
essential for this ability to acquire new long-term memories for facts and events. The ability 
to learn new information and retrieve previously learned information is essential for 
successful ageing. 
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A consistent finding in research on ageing and cognition is that performance in various tests 
of associative memory is lower with increased age (Chen et al., 2012; Salthouse and Meinz, 
1995). This is thought to be largely due to working memory and executive function (Kemps 
and Newson, 2006). Associative memory can be considered a fundamental cognitive process 
because much learning is based on the formation of associations, and processes of association 
are likely a key component in many other cognitive activities. An age-related impairment in 
forming links between single units of information such as in the People test has been 
previously observed (Badham and Maylor, 2011; Naveh-Benjamin, 2000). 
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Chapter 4 
Assessment of whole brain macro-structural and micro-structural changes 
in healthy ageing 
4.0 Introduction 
MRI studies have shown that global grey matter volume decreases linearly with age (Fjell et 
al., 2009; Giorgio et al., 2010). This reduction is thought to reflect cortical compaction and 
reduced arborisation of the dendrites rather than cell loss (Morrison and Baxter, 2012). 
However, MRI studies also show that white matter volume reduction demonstrates a non-
linear relationship with increasing age (Fjell et al., 2009). This may be due to increased 
myelin production in to middle age followed by demyelination and white matter fibre loss 
from older middle age onwards. There is some support for this in histological studies, which 
have shown maturation of white matter until the 4
th
 or 5
th
 decade with a linear reduction into 
very old age (Lazzarini et al., 2004). This has fostered the hypothesis of protracted white 
matter maturation into middle age (Bartzokis et al., 2004). However, animal studies have 
demonstrated that the increased myelin in middle age is sub-optimal with greater 
susceptibility for splitting and is therefore micro-structurally damaged (Lazzarini, 2004). This 
suggests that although white matter volume loss is non-linear with age, the micro-structure of 
the white matter shows continual damage with increasing age.   
 
Micro-structural damage to white matter in the ageing brain is thought to be an important 
contributor to disconnection of neuronal networks (O’Sullivan et al., 2001), resulting in 
inefficient cognitive control (Madden et al., 2009). Analysis of diffusivity changes in the 
white matter can indicate the biological characteristics underlying the white matter 
disconnection in the brain (Beaulieu and Allen, 1994; Song et al., 2002). TBSS is a whole 
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brain voxel-based DTI analysis of the major white matter pathways in the brain. It generates a 
skeletonised data set that represents the centre of all white matter tracts common to a group.  
It is particularly suitable for whole brain voxel-based DTI analysis in an ageing cohort as it 
reduces misalignment of white matter tracts and reduces anatomical variability, such as that 
seen in younger compared to older populations (Smith et al., 2006).    
 
 
  4.1 Aims  
The aims of this study are  
1. to investigate the relationship between volume changes in brain tissue, grey matter 
and white matter with increasing age and micro-structural changes in white matter 
with increasing age.  
2. to assess age differences in white matter micro-structure across the whole brain. 
 
4.2 Hypothesis 
From middle age onwards there is a reduction in grey and white matter volume and a linear 
increase in white matter micro-structural damage in wide spread regions of the brain, 
suggesting disconnection across many neuronal networks. 
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4.3 Methods 
Imaging data for this study were taken from the IXI database, http://www.brain-
development.org. Approval for this study was granted by the Thames Valley Multicentre 
Research Ethics Committee and written informed consent was obtained from subjects prior to 
scanning.  This study assessed data acquired at a single site, the Hammersmith Hospital. 
 
4.3.1 Participants 
Exclusion criteria were left-handedness and/or an abnormal radiological report. One hundred 
and forty nine subjects in the IXI database were imaged at Hammersmith Hospital. Five 
subjects were excluded because they were left handed, 14 were excluded due to an abnormal 
radiological report, 29 subjects had incomplete examinations, or data that could not be 
retrieved from archive and data from 7 subjects were artefacted due to motion. This resulted 
in a study group of 94 subjects. The median age of the subjects was 45 (20-74) years. Forty 
six were male. No subjects had a history of mental illness or brain trauma. Seven had raised 
cholesterol levels and four of these participants were receiving medication. Ten had high 
blood pressure and seven of these participants were also on medication. One participant was 
on medication for both high blood pressure and elevated cholesterol levels. 
 
4.3.2 Magnetic Resonance Imaging 
MRI was performed on a Philips 3T system (Philips Medical Systems, Best, The 
Netherlands). 3D MPRAGE imaging (TR=9.6 ms, TE=4.5 ms, flip angle 8°, slice 
thickness=1.2mm, 0.94mm x 0.94mm in plane resolution, 150 slices) and dual echo 
(TR=5205ms, TE= 8ms/100ms, slice thickness=2.4mm, 0.95mm X 0.95mm in plane 
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resolution, echo train length 16) was acquired. Single shot echo planar imaging DTI was 
acquired in 15 non-collinear directions (TR = 11591ms, TE = 51ms, voxel size: 1.75mm x 
1.75mm x 2mm, 64 consecutive slices, b-value = 1000 s/mm2 and one image with no 
diffusion weighting, SENSE factor of 2). 
 
4.3.3 Assessment of brain volume  
Grey and white matter volumes were assessed using SIENAX (Structural Image Evaluation 
(with Normalisation) of Atrophy) (Smith et al., 2002), part of FSL (FMRIB’s Software 
Library) (Smith et al., 2004). Non-brain tissue was removed from the MPRAGE imaging data 
using BET (Brain Extraction Tool) and the brain was affine-registered to MNI152 space 
(Jenkinson et al., 2002). A scaling factor was generated, which was used to normalise for 
head size. Next, tissue segmentation with partial volume estimation (pve) was carried out to 
calculate grey and white matter volumes (Zhang et al., 2001). These volumes were then 
multiplied by the scaling factor to normalise for total brain size.  
The data were tested for normality and were found to be compatible with a normal 
distribution.  Linear regression analysis was performed to test the relationship between age 
and (a) normalised whole brain tissue volume, (b) normalised whole grey matter volume and 
(c) normalised white matter volume. 
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4.3.4 Assessment of white matter micro-structure using tract based spatial statistics  
DTI analysis was performed using FSL. Image distortions due to eddy currents were 
minimized by affine registration of the diffusion images to the non-diffusion image, b0.  The 
DTI data were skull stripped using BET and scalar maps of FA, AD (λ1), and RD ((λ2 + 
λ3)/2), were generated by fitting a diffusion tensor model at each voxel using FMRIB’s 
diffusion tool box (FDT).  
Voxel-wise analysis of white matter was performed using TBSS (Tract-Based Spatial 
Statistics) (Smith et al., 2006). The diffusion data were aligned to a common space, 
FMRIB58_FA, using non-linear registration. The mean FA image was then created and 
thinned to generate a mean FA skeleton, which represented the centres of all tracts common 
to the group. This was threshold to FA ≥0.20 to include the major white matter pathways but 
exclude peripheral tracts. This reduced inter-subject variability and/or partial volume effects 
with grey matter. Each subject's aligned FA data was then projected onto this skeleton by 
searching perpendicular to the skeleton to find local maxima in FA.  
Voxel-wise statistics on the skeletonised FA, AD and RD data was carried out using 
randomise. A generalised linear model (GLM) was used with age as a continual regressor and 
gender and years of education as covariates. A second analysis was performed, with the data 
split into two age groups (a) under 50 years (49 subjects) and (b) over 50 years (45 subjects). 
Results were corrected for multiple comparisons by controlling for family-wise error rate 
following threshold free cluster enhancement (TFCE) at p<0.01.  
The number of voxels that showed significant FA, RD and AD changes were determined and 
expressed as a percentage of the total number of voxels in the white matter skeleton. 
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4.4 Results 
4.4.1 Brian volume changes with increasing age 
Brain tissue volume (figure 4.1), whole grey matter volume (figure 4.2) and white matter 
volume (figure 4.3) demonstrated a significant negative linear reduction with age. 
 
 
Figure 4.1 Regression plot of normalised whole brain volume against age  
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Figure 4.2 Regression plot of normalised whole brain grey matter volume against age  
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 Figure 4.3 Regression plot of normalised whole brain white matter volume against age 
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4.4.2 White matter micro-structural changes with increasing age 
TBSS did not show significant linear changes in FA, RD or AD with increasing age in any of 
the white matter tracts when age was used as a continual regressor in the GLM model. 
However, when the data was split into two groups (a) under 50 and (b) over 50, the white 
matter showed a widespread reduction in FA, increases in RD and increases in AD measures 
in the older group compared to the younger group. RD changes were the most prominent, 
occurring in 79% of the of the white matter skeleton voxels, AD increases were present in 
59% of the voxels and FA decreases in 38% of the voxels.  
 
4.4.2.1 Fractional Anisotropy differences between the older and younger groups 
Significant reductions in Fractional Anisotropy (FA) were observed in the frontal, parietal, 
temporal and occipital lobes of the brain in the older group (figures 4.4). White matter tracts 
affected included the long association tracts, commissural tracts, and limbic system tracts, 
whist the projection tracts remained relatively unchanged. The association tracts involved 
included bilaterally, the fronto-occipital fasciculus (figure 4.4A (vi)) and the inferior and 
superior longitudinal fasciculus (figure 4.4 B (i) and B (vi)). The commissural fibres affected 
were the genu and body of the corpus callosum (figure 4.4 B (iv)) including the forceps 
minor (figure 4.4 A (iii)). In the limbic system, the fornix showed a reduction in FA in the 
older group (figure 4.4 A (iii)). The bilateral posterior optic radiations (figure 4.4 A (iii)), 
sagittal striatum (figure 4.4 C (iii)), and external capsules (figure 4.4 A (ii)) also showed a 
significant reduction in FA in the older group.  
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Figure 4.4 Regions of white matter showing decreased FA in older compared to younger 
brains. Column (A) Inferior to superior axial views, column (B) left to right sagittal and column (C) 
posterior to anterior views of the widespread regions of the white matter skeleton (green) that showed 
decreased FA (red/yellow) in the older group compared to the younger group on MNI space. Affected 
tracts included the fronto-occipital fasciculus (A (vi)), genu and body of the corpus callosum (B (iv)), 
fornix (A (iii)) external capsules (A (ii)), superior and inferior longitudinal fasciculi (B (i) and (vi) and 
sagittal striatum (C (iii)).  
 
4.4.2.2 Radial diffusivity differences between the younger and older groups 
White matter tracts that showed an increase in Radial Diffusivity (RD) in the older group 
compared to the younger group are shown in figure 5. This showed a much more extensive 
distribution than FA changes with nearly all of the major white matter tracts affected. 
Regions included the fronto-occipital fasciculi bilaterally (figure 4.5 A, (v)) and the superior 
and inferior longitudinal fasciculi (figure 4.5 B (i), (iv)). Projection fibres included the 
cortico-spinal tracts (figure 4.5 C (iii) d), the anterior limb of the internal capsule (ALIC), the 
posterior limb of the internal capsule (PLIC) (figure 4.5 A (iii)) and the external capsules 
bilaterally (figure 4.5 A (ii)). Commissural tracts affected were the genu and body of the 
corpus callosum (figure 4.5 B ((iii)). In the limbic system, the fornix (figure 4.5 A (iii)) and 
the left and right cingula (figure 4.5 C (iv)) demonstrated RD increases.  
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Figure 4.5 Regions of white matter showing increased MD in older compared to 
younger brains. Column (A) Inferior to superior axial views, column (B) left to right sagittal and 
column (C) posterior to anterior views of the widespread regions of the white matter skeleton (green) 
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that showed increased RD (blue/light blue) in the older group compared to the younger group on MNI 
space. Affected tracts included the fronto-occipital fasciculus (A (v)), genu and body of the corpus 
callosum (B (iii)), fornix (A (iii)) external capsules (A (ii)), alic and plic (A, (ii)) and the posterior optic 
radiations (A (iii)), inferior and superior longitudinal fasciculi (B (i) and B (vi)), cortico-spinal tracts (C, 
(iii)), bilateral cingula (B, (iii), C (iii)), and sagittal striatum (C, (iii)). 
 
4.4.2.3. Axial diffusivity differences between the younger and older groups  
Significant axonal diffusivity (AD) increases were also observed in the over 50-age group 
(figure 4.6), but to a much lesser extent than RD changes. Increased AD was seen in some of 
the long association tracts, which included bilaterally, the superior and inferior longitudinal 
fasciculi (figure 4.6 B (i), (iv)). AD increases were observed in the alic and external capsules 
(figure 4.6 A (ii)).  AD increases were also observed in the fornix of the limbic system (figure 
4.6 A (iii)). AD in the genu and body of the corpus callosum were also increased in the older 
age group (figure 4.6 B (iv)).  
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Figure 4.6. Regions of white matter showing increased AD in older compared to 
younger brains. Column (A) Inferior to superior axial views, column (B) left to right sagittal and 
column (C) posterior to anterior views of the widespread regions of the white matter skeleton (green) 
that showed increased AD (brown/orange) in the older group compared to the younger group on MNI 
space. Affected tracts included the genu and body of the corpus callusom (B (iii)), fornix (A (iii)), 
external capsules (A (ii)), alic (A (ii)), posterior optic radiations (A (ii)), superior and inferior longitudinal 
fasciuli (B (i) and B (iv) and sagittal striatum (C (iii)). 
 
A summary of the region-specific patterns of age differences in multiple measures of white 
matter micro-structure can be seen in table 2. 
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Name ↓FA ↑RD ↑AD 
long association tracts       
fronto-occipital fasciculus • •  
inferior longitudinal fasciculi • • • 
superior longitudinal fasciculi • • • 
sagittal striatum • • • 
 
commissural tracts 
genu of the corpus callosum • • • 
body of the corpus callosum • • • 
splenium of the corpus callosum    
 
projection tracts    
corticospinal tracts   •  
Plic 
  •  
limbic system tracts    
fornix • • • 
L cingulum  •  
R cingulum 
  •  
cortico-subcortical tracts    
alic  • • 
posterior optic radiations • • • 
    
    
  
Table 2. A list of major white matter tracts where FA was decreased, and RD and AD 
was increased in the older group compared to the younger group. 
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4.5 Discussion 
This study has shown that from middle age onwards there are reductions in grey and white 
matter volumes and increases in white matter micro-structural damage. There are significant 
changes in diffusivity throughout the white matter in the older group when compared to the 
younger group, suggesting global disconnection of structural networks in the older brain. 
In accordance with previous MRI (Fjell et al., 2009; Giorgio et al., 2010) and  post mortem 
studies (Hinman and Abraham, 2007) assessing the association between healthy ageing and 
brain atrophy, this study showed a linear relationship between whole grey matter volume 
reduction and increasing age in adults. Post mortem studies have shown that the reduction in 
volume in cortical grey matter is not due to cell loss, but cell shrinkage accompanied by a 
reduction dendrite arborisation and dendritic length (Terry et al., 1987; Turlejski and 
Djavadian, 2002). It is proposed that this volume loss results in alterations in synaptic 
connectivity and this is associated with cognitive decline (Morrison and Baxter, 2012).  
 
The results of this study also showed a significant linear reduction in white matter volume 
with increasing age. Post mortem studies have shown that age-related losses in white matter 
volume are correlated with loss of myelinated fibres, demyelination and axonal damage 
(Jernigan and Gamst, 2005; Scheltens et al., 1995), suggesting prolific changes to the macro-
structure of the white matter with increasing age.  However, many studies have shown that 
white matter volume increases in childhood and adolescence until middle age (40-55 years), 
followed by a linear reduction into much older age (Fjell et al., 2009; Westlye et al., 2010). 
Although the data in this study supports a linear reduction in global white matter volume it 
does not lend support for white matter development beyond early adulthood (Bartzokis et al., 
2004). The linear reduction in white matter volume with increasing age in this study maybe 
due to the exclusion of younger (<20 years old) and very old age cohorts ( >75 years of age) 
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(Bartzokis et al., 2003; Westlye et al., 2010).  It may also reflect the heterogeneous nature of 
white matter volume loss with increasing age. Regions such as the thalamic radiations, and 
posterior limb of the internal capsule have demonstrated a linear reduction with increasing 
age and other regions such as the superior longitudinal fasciculus have demonstrated a non-
linear reduction in volume (Giorgio et al., 2010; Lebel et al., 2012). Therefore the inclusion 
of whole brain white matter and the absence of adolescents and very old adults may explain 
the linear relationship of white matter volume reduction with increasing age in this study.   
 
Diffusion changes in the white matter of the brain showed a non-linear relationship with age. 
However, this does not necessarily indicate preservation of white matter micro-structure from 
young adult to middle age. It may be due to slow alteration in diffusivity from early 
adulthood into middle age with an accelerated alteration in the latest part of life (Raz et al., 
2005; Westlye et al., 2010). It may also be due to the extra myelin found in middle aged 
adults (Lazzarini, 2004; Peters, 2002). The extra myelin in middle aged adults may preserve 
diffusion of water in the brain during early to late middle age which may mask actual on 
going micro-structural decline. Therefore the non-linear relationship suggests accelerated 
damage to white matter micro-structure from middle age onwards.   
 
Previous voxel-wise DTI studies of white matter micro-structural changes in older compared 
to younger groups have shown that the ageing brain shows widespread region of micro-
structural damage (Barrick et al., 2010; Bennett et al., 2010; Burzynska et al., 2010). These 
studies have shown that older populations have a predominant pattern of decreased FA with 
increased RD, with some white matter regions displaying both concomitant increases or 
decreases in AD. The majority of the white matter tracts in this study showed a predominant 
pattern of decreased FA with increases in RD and AD. Although the neurological 
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underpinnings of the observed patterns of age-related differences in diffusivity characteristics 
have yet to be fully understood, many previous histological-DTI studies have investigated 
how different types of micro-structural measures infer white matter deterioration. Increased 
RD is associated with demyelination of the white matter tracts and decreases in FA with 
decreased axonal coherence (Song et al., 2002), whilst lowered AD in ageing is thought to 
reflect axon injury that results in fibre loss and glial infiltration (Song et al., 2005).  
 
This pattern of decreased FA with increased RD and increased AD in the white matter micro-
structure has been observed in the chronic stages of fibre degeneration after corpus 
callosotomy (Concha et al., 2006). After the transection of the corpus callosum, there is a 
decrease in AD as the fragmentation of axons creates barriers to the longitudinal 
displacement of water molecules. Next, the axonal membranes are degraded and the myelin 
sheaths fall apart, resulting in an increase in RD. The cellular debris is subsequently cleared 
by microglia, resulting in re-establishment or an increase in diffusion in the longitudinal 
direction (Concha et al., 2006; Sun et al., 2008). Hence this pattern of diffusivity changes 
most probably represents chronic white matter injury. This pattern of chronic injury to 
widespread regions of the brain suggests disconnection of the major white matter tracts 
affecting global neuronal networks in the older brain (O'Sullivan et al., 2001). 
  
Contrary to other studies, there were no regions that demonstrated decreased AD.  Since AD 
represents diffusion parallel to the axons, lowered AD in ageing has been shown to reflect 
axon injury both in ischemic (Song et al., 2002; Song et al., 2005) and chemically induced 
white matter lesions (Sun et al., 2006). The absence of decreased AD in this study may 
suggest that the cellular debris due to injury has been removed by phagocytic microglia, re-
establishing diffusion parallel to the remaining axons.  Studies that have also reported regions 
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of decreased AD for older age groups have attributed this to the inclusion of participants with 
white matter lesions (Burzynska et al., 2010). Since this current study excluded participants 
with white matter lesions, no regions were found with decreased AD for the older group, 
supporting the suggestion that white matter lesions in the absence of acute injury are a source 
of decreased AD in the ageing brain. 
 
There are limitations to this study. It is a cross-sectional study and therefore results may be 
influenced by variability within the cohort studied. There was limited data available on the 
participants, such as cognitive capacity and IQ which cannot be ruled out as a factor 
contributing to white matter macro- and micro-structural differences between the younger 
and older groups (Penke et al., 2012).  The lack of very old aged participants in the cohort 
studied (only four participants were in their seventies) means that the study cannot be 
extended to include very old age groups (>75 years old) and can really only represent the 
ageing trajectories for young to older middle aged adults.  A possible limitation of DTI 
analyses in the ageing brain is the presence of partial volume effects due to atrophy. This 
means that the changes in DTI measures, such as lower fractional anisotropy, may reflect 
partial volumes, resulting from contamination of measurements by cerebrospinal fluid. The 
TBSS analysis involves ‘skeletonisation’ of the white matter and focuses on the centers of the 
tracts (Smith et al., 2006). This removes the white matter at the junctions with cerebrospinal 
fluid and grey matter that is prone to partial volume effects. Hence, the approach to 
investigating group differences is more robust to brain atrophy.  
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Conclusion 
This study has shown that from young adult to older middle age there are reduced grey and 
white matter volumes. However, microstructural damage to the white matter shows a non-
linear relationship. This suggests that while grey matter declines with increasing age, white 
matter micro-structural damage accelerates after middle age. The majority of the white matter 
tracts in older brains showed a pattern of increased RD and AD with decreased FA 
suggesting widespread disconnection of the white matter tracts through damage involving 
myelin loss and axonal injury, signifying global disconnection of network connections in the 
brain from middle age. These micro-structural changes to the brain may be responsible for 
the many cognitive changes that are observed from middle age onwards. 
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Chapter 5 
 
Assessment of thalamic volume and shape with increasing age 
 
5.0. Introduction 
Cognitive performance declines with age, particularly in the domains of processing speed, 
episodic memory and executive function (Cardenas et al., 2011; Kennedy et al., 2009).  
However, the specific neuro-anatomical correlates of this cognitive decline remain unclear. In 
Chapter 4, widespread white matter diffusion metrics were suggestive of global disconnection 
of the white matter networks in the older brain. However, cognitive deficits associated with 
ageing may be related to specific neural systems rather than global brain changes.  
The thalamus contains primary relay nuclei that have topographically organised projections 
to distinct zones of the cerebral cortex and plays a critical role in the coordination of 
information flow in the brain mediating communication and integrating many processes 
including memory, attention, and perception (Tuch et al., 2005; Ystad et al., 2011). 
Neuroimaging studies have demonstrated age related thalamic volume loss (Cherubini et al., 
2009; Peran et al., 2009; Sullivan et al., 2004) and micro-structural change (Abe et al., 2008; 
Cherubini et al., 2009; Ota et al., 2007). It is possible that micro- and macro-structural 
alterations in regions of the thalamus that are associated with cognitive performance 
contribute to age-related cognitive decline. This hypothesis can be tested by asking whether 
thalamo-frontal projections, which serve vulnerable processes like episodic memory and 
executive function, show greater age related changes than thalamic projections to other 
cortical regions.  
Thalamo-cortical projections can be investigated in vivo by means of MRI including high 
resolution structural imaging and DTI. DTI characterizes the diffusion properties of water 
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molecules in tissue and can be used to assess micro-structural changes within the thalamus 
and provides the data for probabilistic tractography to classify thalamic grey matter by its 
connectivity to the cortex using connectivity based segmentation (Behrens et al., 2003a). This 
method has been successfully used to reveal distinct sub-regions within the thalamus that 
correspond to histology (Johansen-Berg et al., 2005).  
In addition, detecting regional changes in thalamic shape facilitates investigations of normal 
and pathological variations in the brain. This approach has provided insight into regional 
thalamic degeneration in Alzheimer’s disease (Zarei et al., 2010), Parkinson’s disease 
(McKeown et al., 2008) and in schizophrenia (Coscia et al., 2009; Kang et al., 2008). In 
Alzheimer’s disease, for example, the dorso-medial and intra-laminar nuclei show the 
greatest reduction in volume compared to healthy controls (Zarei et al., 2010). Thalamic 
shape analysis may therefore, provide further information on the effect of age on thalamo-
cortical networks and aids comparison with the changes seen in mild cognitive impairment 
and Alzheimer’s disease. 
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5.2 Aims 
i. assess changes in thalamic shape with increasing age 
ii. assess changes in the volume and diffusivity of thalamic regions parcellated by their 
connectivity to specific cortical regions 
iii. assess regional cortical volume and the relationship between regional cortical volume and 
the volume of the associated thalamo-cortical projections  
iv. assess the white matter components of the thalamo-cortical unit, by measuring FA and 
MD in thalamo-cortical tracts.  
 
5.2 Hypothesis 
Age related thalamic change primarily affects thalamic nuclei connecting to the frontal 
cortex. 
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5.3. Methods 
Imaging data for this study was taken from the IXI database, http://www.brain-
development.org. Approval was granted by the Thames Valley Multicentre Research Ethics 
Committee and written informed consent was obtained from subjects prior to scanning. This 
study assessed data acquired at a single site, the Hammersmith Hospital. 
 
5.3.1 Participants 
Subjects in this study were the same as in section 4.2.1. However, eight had structural 
MPRAGE data that could not be retrieved from archive or was missing. This resulted in a 
study group of 86 subjects. The median (range) age of the subjects was 44 (20-74) years. 
Forty were male. There was no significant difference between the ages of males and females 
(p=0.461). Seven subjects had raised cholesterol levels and four of these participants were 
receiving medication. Ten had high blood pressure and seven of these participants were also 
on medication. One participant was on medication for both high blood pressure and elevated 
cholesterol levels. All of these subjects were ≥ 60 years of age. 
 
5.3.2 Magnetic resonance imaging 
Magnetic resonance imaging was as described in section 4.2.2.   
 
5.3.3 Image analysis 
Image analysis was carried out using tools from FSL (FMRIB Software Library; 
http://www.fmrib.ox.ac.uk/fsl (Smith et al., 2004)). 
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5.3.3.1 Thalamic segmentation and vertex analysis 
Automated segmentation of the thalamus was performed using FIRST (Patenaude et al., 
2011). The shape and appearance models used were constructed from manually segmented 
images provided by the Centre for Morphometric Analysis, Massachusetts General Hospital, 
Boston. FIRST creates a surface mesh for each subcortical structure using a deformable mesh 
model. The mesh is composed of a set of triangles and the apex of adjoining triangles is 
called a vertex. The number of vertices for each structure is fixed so that corresponding 
vertices can be compared across individuals and between groups. Vertex correspondence is 
crucial for the FIRST methodology, as it facilitates the investigation of localised shape 
differences through the examination of group differences in the spatial location of each 
vertex. Although the vertices retain correspondence, the surfaces reside in the native image 
space, and thus have an arbitrary orientation/position. Therefore, the surfaces must all be 
aligned to a common space prior to investigating any group differences. The mean surface 
from the FIRST models (in MNI152 space) is used as the target to which surfaces from the 
individual subjects are aligned. The thalamus segmentation was performed by running a two-
stage affine registration to standard space. The first stage is a 12 DOF registration to the non-
linear MNI152 template, and the second one is a 12 DOF registration using a subcortical 
mask, to exclude voxels outside the subcortical regions. Pose (rotation and translation) is 
removed by minimizing the sum-of-squares difference between the corresponding vertices of 
a subject's surface and the mean surface (target) (Patenaude et al., 2011). 
Vertex analysis was performed using first_utils and thalamic shape change with increasing 
age was assessed on a per vertex basis.  Regional changes in the vertices across all subjects 
were assessed using a GLM with age as a continual regressor. The results were corrected for 
multiple comparisons using false discovery rate (FDR) (p<0.05). The statistic was rendered 
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on the shape surface, providing a map of the regions where the structure changed 
significantly with increasing age. 
 
5.3.3.2 Thalamic volume  
The 3D MPRAGE data were skull stripped using the brain extraction tool (BET) and affine-
registered to MNI152 space (Jenkinson et al., 2002) using SIENAX in order to obtain a 
scaling factor for each subject’s brain volume (Smith et al., 2002). The thalamic volumes 
were determined from the segmented thalami and were normalised for brain volume by 
multiplying thalamic volume by their scaling factor.  
 
5.3.3.3 Parcellated thalamic diffusivity and volume measures using connectivity based 
thalamic parcellation  
Image distortion due to eddy currents was minimised by affine registration of the diffusion 
images to the non-diffusion image, b0.  The DTI data were then skull stripped using BET and 
scalar maps of  FA, and mean diffusivity MD, were generated by fitting a diffusion tensor 
model at each voxel using FDT. 
Cortical masks (frontal, parietal, temporal and occipital cortices) were obtained from the 
Harvard Oxford subcortical and MNI structural atlas in FSL, were thresholded to exclude 
white matter and then binarised. The binarised cortical masks were then propagated onto each 
individual’s hard segmentation map for grey matter volume (as described in chapter 4). The 
volume of the cortical masks was determined. The segmented thalami were used as thalamic 
masks.  
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The DTI scalar maps were registered to standard space using a 2 step process as follows; 1. 
Using FLIRT (FMRIBs Linear Image Registration Tool), each subject’s b0 image was 
registered to its native 3D MPRAGE image. 2. The 3D MPRAGE image was registered to the 
MNI_T1_1mm_brain using non-linear registration. The binarised thalamic and cortical masks 
were then propagated onto each individual’s DTI scalar maps using the inverse of the above 
transformations. In order to exclude voxels that contained CSF along the medial border of the 
thalamus, the b0 images were segmented using FAST and a binarised CSF mask was used as 
an exclusion mask. Values for FA and MD were obtained for the whole thalami.  
Thalamo-cortical connections were assessed using connectivity based seed classification 
incorporating the distance correction tool in probtrackX (Behrens et al., 2003a). Each 
thalamic voxel was thresholded to include only those projections with a probability of ≥ 50% 
and binarised. Values of MD for each of the thalamo-cortical projections were determined.  
In addition, the volume of each projection was determined and normalised for brain volume. 
Previous studies have shown this approach to be highly reproducible (Traynor et al., 2010). 
 
5.3.3.4 Fractional anisotropy and mean diffusivity in thalamo-cortical white matter tracts 
Probabilistic tractography was performed using FSL (http://www.fmrib.ox.ac.uk/fsl) to assess 
FA and MD in thalamo-cortical white matter pathways. Pathways were generated using the 
thalamo-cortical projections as the seed masks and the reciprocal cortical regions as the 
waypoint mask (thalamo-cortical tracts, A), and vice versa (cortico-thalamic tracts, B). These 
tracts were normalised by the waytotal. Thalamo-cortical and cortico-thalamic tracts for each 
brain region were combined [(A+B)-(A*B)] (Jbabdi. FSL support forum, 
https://www.jiscmail.ac.uk) and thresholded at a low level (0.01). The values for FA and MD 
of these tracts were extracted.  
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5.3.4 Statistical analysis   
Statistical analysis was performed using STATA (version 12.1). A simple linear regression 
analysis was performed to test the relationship between age and (i) normalised thalamic 
volume (ii) whole thalamus FA and MD measures (iii) MD of the thalamo-cortical 
projections (iv) normalised thalamo-cortical projection volumes and (v) regional cortical 
volume. Scatter plots were created to illustrate the relationship between age and volume and 
age and MD in the thalamo-cortical projections. The relationship between age and MD or FA 
was assessed using either a linear or quadratic fit as appropriate.  
Plots of residual measures against predicted measures found variances in some of the data 
that did not follow normal distributions and included some outliers. Since the assumption of 
normality of the data were not met in some cases, a further robust regression analysis, using a 
Cooke’s distribution >1 to eliminate gross outliers was then performed. The change in MD 
and volume with increasing age in the thalamo-frontal projections was compared to all other 
thalamo-cortical projections using a Wald test to test whether the differences between the 
difference of the slopes of the regression (MD of thalamo-cortical projections versus age and 
volume of thalamo-cortical projections versus age) in each region differs significantly from 
zero. All results were corrected for multiple comparisons using a Bonferroni correction 
(0.05/22). 
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5.4 Results 
5.4.1 Whole thalamus volume and DTI measures with increasing age  
Thalamic volume decreased significantly with increasing age, (Right thalamus, p<0.001, 
r²=0.376, slope=-37.752; Left thalamus, p<0.001, r²=0.307, slope=-35.384). MD increased 
significantly with age (Right thalamus, p<0.001, r²=0.442, slope=1.94x10
-6
; Left thalamus, 
p<0.001, r² = 0.2708, slope=0.98x10
-6
).  There was no significant relationship between 
thalamic FA and age (Right thalamus, p > 0.99, r² = 0.003, slope=-0.8x10
-4
; Left thalamus, p 
> 0.99, r² = 0.032, slope = 0.2 x 10
-3
). 
 
5.4.2 Cortical volume 
The volume of the frontal cortex declined significantly with increasing age (p < 0.001 for 
both left and right frontal cortices). However, there were no associations between age and 
volume in the other cortical regions (figure 5.1). 
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Figure 5.1. Scatter plots of cortical volumes against age. Left and right frontal (a, b), parietal 
(c, d), temporal (e, f) and occipital (g, h) cortical volumes. A regression line is shown for those regions 
where a significant linear regression with age was found (p<0.01). 
 
5.4.3 Thalamo-cortical connectivity 
The results of the thalamo-cortical connectivity analysis are shown in figure 5.2. Thalamo-
frontal projections (red) included a large portion of the anterior part of the thalamus that 
covered the regions of the anterior nucleus, the ventro-anterior nucleus and the dorso-medial 
nucleus. Thalamo-parietal projections (blue) included the postero-lateral portion of the 
thalamus from the superior to the inferior border, incorporating the regions of the posterior 
ventro-lateral nuclei and the ventro-posterior nuclei. Thalamo-temporal projections (yellow) 
included the medial border of the thalamus from the anterior to posterior surface and 
incorporated parts of the lateral dorsal nucleus and medial aspect of the pulvinar. Thalamo-
occipital projections (green) occupied the ventro-posterior part of the thalamus including the 
regions of the pulvinar and lateral geniculate nuclei.  
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Figure 5.2: Mean thalamo cortical projections in MNI space.  Columns A, B, C, and D shows 
axial and coronal views of thalamic regions that were connected to the frontal cortex (red), parietal 
cortex (blue), temporal cortex (yellow) and occipital cortex (green) respectively. 
 
As whole thalamic FA did not show a significant change with increasing age, only MD of the 
thalamo-cortical projections was assessed. Linear regression analysis showed that, with the 
exception of the thalamo-occipital projections, MD in all thalamo-cortical projections 
increased significantly with age (figure 5.3, table 3).  
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Table 3. Results of linear and robust regression analysis of MD in the thalamo-cortical 
projections with increasing age. Bold represents the analyses that survived Bonferroni correction.  
 
    Linear Regression of 
age versus mean 
diffusivity of 
thalamo- cortical 
projections 
Robust Regression of 
age versus mean 
diffusivity of thalamo-
cortical projections  
Left 
Thalamus 
Frontal R²=0.24, F=27.1 
slope=2.74x10ˉ⁶, 
p<0.001 
F(84)=24.57, p<0.001 
  Parietal R²=0.39, F=39.489, 
slope=3.56x10ˉ⁶, 
p<0.001 
F(84)=30.89, p<0.001 
  Temporal R²=0.17, F=16.761, 
slope=4.54x10ˉ⁶, 
p=<0.001 
F(84)=10.55, p=0.002 
  Occipital R²=0.0939, F=8.705, 
slope=2.176x10ˉ⁶, 
p=0.083 
F(84)=2.32, p=0.131 
Right 
Thalamus 
Frontal R²=0.30, F=35.10, 
slope=2.8x10ˉ⁶, 
p<0.001 
F(84)=31.43, P<0.001 
  Parietal R²=0.32, F=39.33, 
slope=4.1x10ˉ⁶, 
p<0.001 
F(84)=31.28, p<0.001 
  Temporal R²=0.28, 
F=5.3x10ˉ⁶, 
p<0.001 
F (84)=39.04, P<0.001 
    Occipital R²=0.183, F=2.874, 
slope=1.046x10ˉ⁶, 
P>0.99 
F(84)=0.06, P=0.813 
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Figure 5.3. Regression plots showing the relationship between age and MD in the 
thalmo-cortical projections. Linear regression plots for mean MD (mm2/s) of the left and right 
thalamo-frontal, thalamo-parietal, thalamo-temporal and thalamo-occipital projections with age. A 
regression line is shown for those regions where a significant robust linear regression with age was 
found (Bonferroni corrected; p<0.05/22). 
 
Age related change in MD in the thalamo-frontal projections was not significantly different to 
age related change of MD in the thalamo-cortical projections to other cortical regions (Left 
frontal versus left parietal, F=2.88, DOF=81, p=0.2; left temporal, F=0, DOF =81, p=> 0.99; 
left occipital F=2.26, DOF =81, p=0.41. Right frontal versus right parietal, F=0.03, DOF =81, 
p>0.99; right temporal, F=0.05, DOF =81, p>0.99 and right occipital, F=3.6, DOF =81, 
p=0.1842). In order to determine whether these micro-structural parameters were affected by 
the volume of the thalamo-cortical projections, this measure was included as a covariate in 
the regression model. Inclusion of the volume of the thalamo-cortical projections as a 
covariate did not change the results. 
  
5.4.4 Volumes of thalamo-cortical projections 
The volumes of the thalamo-frontal projections showed a significant negative linear 
relationship with age bilaterally. There was no significant relationship between the volumes 
of the thalamo-cortical projections to the parietal, temporal, and occipital cortex and age 
(figure 5.4, table 4).   
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Table 4. Results of linear and robust regression analysis of volumes of the thalamo-
cortical projections with increasing age. Bold represents the analyses that survived Bonferroni 
correction.  
 
 
    Linear regression of 
age versus volumes of 
thalamo-cortical 
projections 
Robust Regression of 
age versus volumes 
of thalamo-cortical 
projections 
Left 
Thalamus 
Frontal R²=0.295, F=35.19, 
slope=-5.99, p<0.001 
F(84)=36.44, 
p<0.001 
  Parietal R²=0.044, F=3.878 
slope=-2.224, p<0.99 
F(84)=3.65, p<0.99 
  Temporal R²=0.025, F=2.129, 
slope=-1.063, p>0.99 
F(84)=4.92, p=0.642 
  Occipital R²=0.014, F=1.208 
slope=-4.522, p<0.001 
F(84)=1.47, p<0.99 
Right 
Thalamus 
Frontal R²=0.355, F=46.17, 
slope=-4.522, p<0.001 
F(84)=42.43, 
p<0.001 
  Parietal R²=0.103, F=9.693, 
slope=2.6, p=0.06 
F(84)=6.26, p=0.314 
  Temporal R²=0.052, F=4.625, 
slope=1.301, p=0.748 
F(84)=1.38, p<0.99 
  Occipital R²=0.027, F=2.281, 
slope=-0.609, p>0.99 
F(84)=2.08, p>0.99 
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Figure 5.4. Regression plots showing age against volume in thalamo-cortical projections. 
Linear regression plots for normalised volume (voxels) in the left and right thalamo-frontal, thalamo-
parietal, thalamo-temporal and thalamo-occipital projections with age. A regression line is shown for 
those regions where a significant robust linear regression with age was found (Bonferroni correction; 
p<0.05/22). 
 
Volume loss with increasing age in thalamo-frontal projections was significantly greater than 
volume loss in the thalamo-parietal connections (Left frontal versus left parietal, F=8.83, 
DOF=81, p=0.012. Right frontal versus right parietal, F= 73.1, DOF =81, p<0.001), thalamo-
temporal connections (Left frontal versus left temporal, F=9.34, DOF =81, p=0.009. Right 
frontal versus right temporal cortex, F=42.3, DOF =81, p<0.001), and left thalamo-occipital 
connections (Left frontal versus left occipital, F=14.21, DOF =81, p=0.001). However, there 
was no difference in the age related volume loss in the right thalamo-frontal projections when 
compared to the right thalamo-occipital projections, F=2.65, DOF =81, p=0.3219.   
Given this finding, and to further explore regional changes in thalamic volume with 
increasing age, thalamic volume changes on a per vertex basis using shape analysis was then 
assessed. 
 
5.4.5 Thalamic shape change with increasing age 
The thalami showed significant age related changes in shape, suggesting atrophy (figure 5). 
The greatest shape changes with increasing age were observed in the anterior and medial 
aspects of the thalami bilaterally (figure 5.5). The lateral postero-ventral thalamic surface did 
not show any significant change in shape with increasing age (figure 5.5b and 5.5d). 
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Figure 5.5. Shape change in the thalami with increasing age. Main picture shows the results 
of the shape analysis for the left and right thalami in MNI space. All regions showed a significant 
correlational change in shape with age (F=4.5-12). Blue represents the regions of the thalamus that 
showed the highest significant correlated changes in shape with age (F=12). Red regions (F=2) 
represents the areas where no significant correlation was found between changes in shape and age. 
Figures A and B show a magnified view of the shape analysis for the left thalamus, and figures C and D 
show magnified views for the right thalamus with vectors representing the direction of the shape 
change (most vector arrow heads cannot be visualised as they point inwards). B. rotated to view the 
lateral surface of the left thalamus. D. rotated to view the lateral surface of the right thalamus. 
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5.4.6 Allometric scaling in the frontal thalamo-cortical unit 
Phylogenetic and ontogenetic studies have shown that thalamic nuclei and reciprocal cortical 
regions scale with a power law relation and an exponent of approximately 2/3 (Kapellou et 
al., 2006; Stevens, 2001). As the volume loss with increasing age was greater in the thalamo-
frontal projections than the volume loss in other thalamo-cortical projections, the relationship 
between frontal cortex and its reciprocal thalamic projection was assessed to determine 
whether this relationship obeyed a power law relation consistent with this scaling law. This 
was assessed by determining the slope of the relationship between log frontal cortex volume 
and log volume of thalamo-frontal projection. The change in frontal cortex volume was 
significantly greater than the change in the volume of the thalamo-frontal projection 
(p<0.001). Plotting the relationship between log frontal cortex volume and log volume of 
thalamo-frontal projection generated a slope of 0.74 (CI 0.52 – 0.96) for the left thalamo-
frontal unit and 0.79 (CI 0.51-1.08) for the right thalamo-cortical unit (figure 5.6), consistent 
with previous estimates of mammalian thalamo-cortical scaling exponent. This relationship 
was explored further by introducing age as an appropriate interaction term into the model: 
this analysis confirmed the effect of age on cortical (p < 0.001 for left and right) and thalamic 
projection volumes (p < 0.001 for left and right) but showed no effect of age on the scaling 
exponent (left thalamo-cortical unit, p = 0.319; right thalamo-cortical unit, p = 0.904).  
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Figure 5.6. Allometric scaling of thalmo-frontal volume. Scatter plots showing the relationship 
between (A) log of left frontal cortical volume against the log of the left frontal thalamo-cortical 
projection volumes and (B) log of right frontal cortical volume against the log of the right frontal 
thalamo-cortical projection volumes.  
 
5.4.7 Fractional anisotropy and mean diffusivity in thalamo-cortical white matter tracts 
FA values in the thalamo-frontal tracts decreased significantly with increasing age (left 
thalamo-frontal tract, p < 0.0001, r
2
 = 0.168; right thalamo-frontal tract, p < 0.0001, r
2
 = 
0.191). FA values in all other thalamo-cortical tracts decreased with age but these 
relationships were no longer significant after Bonferroni correction (left thalamo-parietal, p > 
0.99, r
2
 = 0.045; left thalamo-temporal, p = 0.064, r
2
 = 0.094; left thalamo-occipital, p > 0.99, 
r
2
 = 0.00; right thalamo-parietal, p > 0.99, r
2
 = 0.022; right thalamo-temporal, p > 0.99, r
2
 = 
0.001; right thalamo-occipital, p > 0.99, r
2
 = 0.036). 
165 
 
 
MD increased significantly in the frontal and parietal thalamo-cortical tracts with increasing 
age (left thalamo-frontal tract, p< 0.0001; r
2
 = 0.283; right thalamo-frontal tract, p< 0.0001; r
2
 
= 0.345; left thalamo-parietal tract, p< 0.0001; r
2
 = 0.196; right thalamo-parietal tract, p< 
0.0001; r
2
 = 0.178). Increases in MD values in temporal and occipital thalamo-cortical tracts 
did not survive Bonferroni correction (left thalamo-temporal, p > 0.99, r
2
 = 0.046; right 
thalamo-temporal, p > 0.99, r
2
 = 0.012; left thalamo-occipital, p = 0.96, r
2
 = 0.065; right 
thalamo-occipital, p = 0.304, r
2
 = 0.092). 
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5.5 Discussion 
This study explored alterations in thalamic shape and in the volume and diffusivity of 
thalamo-cortical projections with increasing age. Changes in thalamic shape were greatest in 
the anterior thalamus, which connects largely to the frontal cortex, and were minimal in the 
posterior ventro-lateral region of the thalamus, which connects to the parietal cortex. These 
shape changes were mirrored in the volume of thalamo-cortical projections, with the greatest 
volume reduction being observed in thalamic regions connecting to frontal cortex and no 
significant changes in the volume of thalamo-cortical projections to other cortical regions.  
The anterior thalamus, a region which includes the anterior nucleus and the dorso-medial 
nucleus, has connections with cortical and subcortical areas of the brain that play a crucial 
role in executive function, processing speed, and working memory, all of which are cognitive 
domains known to be affected by ageing (Cardenas et al., 2011; Charlton et al., 2010; Grieve 
et al., 2007). The dorso-medial nucleus has reciprocal connections to the medial prefrontal, 
lateral prefrontal, and anterior cingulate cortices, a neural system that is involved with 
planning, problem solving, working memory (specifically in retrieval of episodic memory), 
mood and motivation (Channon, 2004; Smith and Jonides, 1999; Taber et al., 2004). The 
anterior nucleus has major reciprocal connections with anterior and posterior cingulate cortex 
and parts of the hippocampus via the fornix. This network is crucial for memory and directed 
attention (Bergfield et al., 2010; Giorgio et al., 2010; Taber et al., 2004). Degeneration of 
thalamic nuclei in these areas may, therefore, contribute to the cognitive decline that is 
associated with ageing.  
The analysis of thalamo-cortical connectivity enabled the exploration of diffusivity and 
volume changes in greater detail than at the level of the whole thalamus and the topography 
of the thalamo-cortical parcellations were similar to those described in previous studies 
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(Behrens et al., 2003a; Johansen-Berg et al., 2005). In addition, with the exception of the 
thalamo-occipital projections, mean diffusivity in all thalamo-cortical projections increased 
significantly with age. Assessment of the white matter pathways connecting thalamus and 
cortex demonstrated that whilst MD increased in both thalamo-frontal and thalamo-parietal 
regions with increasing age, only reductions in thalamo-frontal FA with ageing remained 
significant after multiple correction testing. These observed changes in the thalamo-frontal 
projections and thalamo-frontal white matter tracts occur in parallel with an age related 
decrease in frontal cortical volume and the volume of related thalamic regions. However, the 
relationship between the volume of frontal cortical and its thalamic projection remains 
constant throughout ageing and is governed by a scaling law that has previously been 
described in primates (Stevens, 2001) and in infants (Kapellou et al., 2006).  
The regional thalamic and cortical volume findings are supported by previous studies 
demonstrating that frontal lobe volumes show the greatest atrophy with increasing age, with 
relatively modest volume reductions in the parietal and occipital lobes (DeCarli et al., 2005; 
Jernigan and Gamst, 2005). Of interest, this study showed regions incorporating the ventro-
lateral nucleus and the ventro-posterior nucleus showed relative preservation in volume on 
both thalamo-cortical projection and thalamic shape analysis. These regions project to 
primary motor and somatosensory cortices. As diffusivity in thalamo-parietal projections 
increase significantly with increasing age, these data suggest that changes in thalamic micro-
structure are not mirrored by macro-structural changes in all nuclei. Differences in the cyto-
architecture of the thalamus from region to region may also contribute to the regional 
differences of volume loss in the thalamus and highlights the benefit of using multi modal 
imaging for the assessment of thalamic degeneration in healthy ageing.  
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A previous study observed that diffusivity in the anterio-medial thalamus did not change with 
increasing age (Ota et al., 2007). The reasons for these differing results are not clear. It may 
be because Ota et al assessed a smaller subject group (28 subjects) or they may be due to 
differences in analysis approaches. The study by Ota obtained DTI in only 6 directions of 
diffusion sensitization and used manually drawn regions of interest to delineate the thalamus 
into areas with specific connections to the cortex without an intra-thalamic marker. As image 
contrast on conventional T1, T2 or diffusion imaging does not enable specific thalamic nuclei 
to be differentiated with confidence, it was decided to explore thalamo-cortical connectivity 
using connectivity based segmentation (Behrens et al., 2003a) which enables the thalamus to 
be segmented according to the probability of connection to regions of the cortex. This 
approach has been successfully used to segment the thalamus and has been found to correlate 
well with histological studies (Johansen-Berg et al., 2005).  
In accordance with previous studies (Cherubini et al., 2009; Peran et al., 2009), this study 
demonstrated decreases in volume and increases in MD with little change in FA values in the 
whole thalamus with increasing age. The underlying neurobiology of both the increased 
diffusivity and reduced volume may be due to the degeneration of neuronal structures 
including neuronal shrinkage, reductions of synaptic spines and a reduced numbers of 
synapses (Terry et al., 1987). Recent positron emission tomography studies have shown an 
increase in activated microglia in healthy ageing, suggestive of neuronal damage 
(Schuitemaker et al., 2012). However, whether this increase in activated microglia is related 
to neuro-degeneration or is a direct reflection of the ageing process on microglia is not clear 
(Conde and Streit, 2006). 
In summary, thalamic shape and volume changes associated with healthy ageing are 
heterogeneous, with anterior thalamic regions incorporating the anterior and dorso-medial 
nuclei, being most markedly affected. This selective vulnerability of the anterior thalamus to 
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age related atrophy may explain, at least in part, disorders of attention, working memory and 
executive function associated with increasing age. 
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Chapter 6 
 Assessment of thalamo-frontal connectivity and executive performance 
6.0 Introduction, aims and hypothesis 
The findings of Chapter 5 supported the hypothesis that age related thalamic change 
primarily affects thalamic nuclei connecting to the frontal cortex. It is possible that changes 
in thalamo-frontal connectivity contribute to the decline in cognitive abilities associated with 
ageing. However, cognitive performance was not assessed in these subjects.  
In order to test this hypothesis, a further study was conducted on 20 subjects who were not 
included in Chapter 5, and addressed the question: is the volume of the thalamo-frontal 
projection associated with scores of executive function? 
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6.1 Methods 
6.1.1 Participants 
The group consisted of 2 groups of 10 subjects; a younger age group, (median [range] = 25 
[20-29] years, males =6) and an older age group, (median [range] = 71 [64-81] years, males= 
5). Exclusion criteria were as described in Chapter 4, section 4.2.1.  
 
6.1.2 Magnetic Resonance Imaging 
Structural MR imaging were performed as described in section 5.4.2. DTI data were acquired 
in 64 non-collinear directions, with 4 b0 images and a b value of 1000 s/mm
2
. Data analysis 
was performed as described in section 5.4.3.1. 
 
6.1.3 Tests of Executive Performance 
Executive function was assessed using the Stroop colour-word interference test (Stroop, 
1935). The Stroop test protocol was as follows; Subjects were asked to name colour patches 
and were timed during the task (Condition 1), subjects were asked to read words that denote 
colours printed in black ink and were timed during the task (Condition 2). The average time 
taken to complete Condition 1 and Condition 2 was considered the Baseline. Subjects were 
asked to perform the interference task, where they are asked to read words that are printed in 
an incongruent coloured ink and were timed (Condition 3). The time taken to complete the 
baseline was subtracted from the time taken to complete Condition 3. 
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6.1.4 Statistical analysis 
Scores for the Stroop test were tested for normality and found to be compatible with a normal 
distribution. Differences in Stroop test scores between the younger and older aged groups 
were assessed using a t-test. Linear regression analysis was used to assess the relationship 
between scores on the Stroop test and age. A regression analysis was performed to assess the 
relationship between scores for the Stroop test, and the volume of the thalamo-cortical 
projections. The data were corrected for multiple comparisons using a Bonferroni correction. 
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6.2 Results 
 
Mean (± sd) Stroop test scores for the younger age group were 40.69 ± 10.46 seconds and for 
the older age group were 60.72 ± 12.72 seconds. Stroop test scores were significantly higher 
in the older aged group compared to the younger group (p = 0.001), reflecting an increased 
time to complete the task in the older aged group.  
Stroop test scores were significantly negatively associated with volume of the thalamo-frontal 
projection (left, r
2
 = 0.603, p < 0.001; right, r
2
 = 0.535, p < 0.001), figure 6.1. There were no 
significant correlations between Stroop test scores and the volume of parietal, temporal or 
occipital thalamo-cortical projections (left thalamo-parietal projections, p = 0.215; left 
thalamo-temporal projections, p = 0.111; left thalamo-occipital projections, p = 0.237; right 
thalamo-parietal projections, p = 0.22; right thalamo-temporal projections, p = 0.141; right 
thalamo-occipital projections, p = 0.212). 
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Figure 6.1. Thalamo-frontal cortical volume predicts executive function. Regression plots 
for the volume of the left (A) and right (B) frontal thalamo-cortical projections against scores for the 
stroop test (seconds).  
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6.3 Discussion 
Changes within the thalamus can have a significant effect on cognitive domains, such as 
working memory (Charlton et al., 2010), speeds of processing (Van Der Werf, 2001) and 
error awareness (Peterburs et al., 2011). The highly significant relationship between the 
volume of thalamo-frontal projections and executive function as assessed by the Stroop test 
(Stroop, 1935) in this study, suggests that alterations in the volume of the thalamo-frontal 
projection is an important factor in the cognitive decline associated with ageing. 
It is thought that cognitive impairment occurs primarily as a result of decreased attentional 
control (Hasher et al., 1997).  Furthermore, it has been proposed that decreased efficiency of 
inhibitory processes with increasing age is at the core of these attention control deficits 
(Hasher, 1988; Smith and Jonides, 1999). One such task that measures the efficiency of 
inhibitory processes is the Stroop task, which requires inhibition of an automatic response in 
favour of the correct response and has been used as a successful marker for executive 
impairment (Brown and Marsden, 1988; Sung et al., 2012). In this study and others, older 
adults take a significantly longer time to complete the task compared to younger groups 
(Houx et al., 1993; West and Bell, 1997). Studies have shown that the increased time to 
complete the Stroop test is due to a decline in the ability to inhibit word information, rather 
than general slowing down that is ubiquitously found in behaviour and ageing (Brink and 
McDowd, 1999; West and Alain, 2000).  
Executive functional impairment in ageing has traditionally been associated with reduction in 
volume of the frontal cortex, in particular the pre-frontal cortex and the anterior cingulate 
(Cardenas et al., 2011). The pre-frontal cortex is thought to have a supervisory role which is 
responsible for strategic control of mental processes, such as the use of strategies or rule 
guided retrieval from memory (Shallice and Burgess, 1991) and the anterior cingulate is 
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thought to be involved in error detection and conflict monitoring (Botvinick et al., 2001; 
Botvinick et al., 2004). In the absence of disease, pre-frontal cortical grey matter has been 
shown to undergo disproportional and earlier volume loss with increasing age (Giorgio et al., 
2010) which has been significantly associated with reduced executive function (Cardenas et 
al., 2011). There is also some degree of correspondence between some of the problems 
observed in ageing and those reported by patients with lesions to the prefrontal cortices 
(Shallice and Burgess, 1991).  
However patients with lesions outside the pre-frontal cortex also experience executive 
function impairment. Thalamic infarctions involving the dorso-medial nucleus have also been 
known to impair executive behaviours that are usually associated with frontal lobe function 
(Sandson et al., 1991). In terms of inhibitory control, functional imaging studies 
demonstrated thalamic next to prefrontal activations when prepared motor responses had to 
be suppressed in a stop signal task, in which subjects had to inhibit an overlearned response 
(de Jong and Paans, 2007). This possible inhibitory role for the thalamus was also found in a 
study by Marzinzik et al. (2008), using electrocardiogram readings from scalp and thalamic 
electrodes on a go-no-go task. They found that the thalamus shows earlier involvement in a 
go-no-go task than the frontal cortex, indicating that the thalamus classifies the go-no-go 
instruction that is subsequently utilised by the frontal cortex.  
These studies and the results of this study, strongly suggest that ageing effects operate not at 
the level of cortex but on the integrated thalamo-cortical unit, and the highly significant 
relationship between the volume of thalamo-frontal projections and executive function as 
assessed by the Stroop test (McLeod, 2007), suggests that alterations in the integrity of the 
thalamo-frontal unit is an important factor in the cognitive decline associated with ageing. 
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Chapter 7 
Disruption to co-ordinated activity in the medial frontal nodes of intrinsic 
connectivity networks is associated with global white matter damage and 
cognitive decline.    
7.0 Introduction  
A key hypothesis for age related cognitive impairment is that functional connectivity within 
ICNs becomes less co-ordinated as individuals age (Damoiseaux et al., 2008), and that this 
disruption to the co-ordinated activity across the ICNs is mediated by cortical 
"disconnection" due to damage to white matter fibres  (O'Sullivan et al., 2001). To date, the 
DMN is the most widely studied ICN in ageing (Andrews-Hanna et al., 2007, Damoiseaux et 
al., 2008, Teipel et al., 2010, Chen et al., 2009). The impact of age on the functional and 
structural connectivity within other ICNs together with its impact on cognitive control has not 
been assessed. 
Andrews-Hanna (2007) proposed that ageing is associated with disruption to co-ordinated 
activity between the anterior and posterior nodes of the DMN. The disruption to co-ordinated 
activity between the nodes has been associated with cognitive decline (Damoiseaux et al., 
2008; Onoda et al., 2012). There is also an age related disruption to co-ordinated activity 
within other ICNs, such as the Dorsal Attention Network (DAN), the Fronto-Parietal Control 
Network (FPCN) and the SN (Onoda et al., 2012). However, it is unclear if all network 
regions or specific regions within networks are affected by age.  
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Previous studies that have assessed reduced functional connectivity within ICNs in healthy 
ageing have used a ROI correlational analysis approach (Andrews-Hanna et al., 2007, 
Damoiseaux et al., 2008). Dual regression analysis is a method used to estimate group 
differences in functional connectivity within ICNs without the use of an a priori ROI 
(Beckmann et al., 2005; Filippini et al., 2009). The output is a spatial map showing regions 
within networks that demonstrate group differences in co-activity. Since, the frontal ageing 
hypothesis proposes that the frontal lobe is vulnerable to increasing age, functional 
connectivity loss within large scale ICNs may be regionalised to the frontal lobe. This 
hypothesis can be tested using a dual regression approach, as it provides a voxel-wise 
measure of functional connectivity within a particular network.  
Altered functional connectivity within the DMN have been associated with age-related 
changes in white matter micro-structure using focused analyses of single tracts or ROIs 
(Andrews-Hanna et al., 2007; Teipel et al., 2010). However, voxel-wise studies of white 
matter changes with age have shown widespread white matter micro-structural damage 
(Barrick et al., 2010; Bennett et al., 2010; Burzynska et al., 2010). Therefore, the assessment 
of the relationship between the micro-structural damage of pre-defined single ROIs or tracts 
and functional connectivity within ICNs may not be sufficient to capture the extent of age-
related disruptions in key networks. The assessment of the white matter micro-structural 
correlates of functional connectivity loss within ICNs and its impact on cognition requires a 
whole brain, rather than a ROI approach.  
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7.1 Aims 
(1) to use dual regression to determine age related changes in functional connectivity within 
four ICNs; two networks that involve anterior regions of the brain, the Default Mode 
Network (DMN) and the Salience Network (SN) and two networks that involve posterior 
regions of the brain, the Primary Visual Network (PVN) and the Lateral Visual Network 
(LVN).  
(2) to assess the relationship between reduced functional connectivity in the SN, DMN, PVN 
and LVN and whole brain white matter micro-structural damage using Tract Based 
Spatial Statistics (TBSS).  
(3) to investigate if reduced functional and/or structural connectivity within each of the 
networks predict age related cognitive decline. 
 
7.2 Hypothesis 
Cognitive decline with increasing age is associated with reduced functional connectivity 
within ICNs that involve the frontal cortex. Reduced functional connectivity within these 
ICNs are associated with widespread damage in white matter micro-structure, suggesting 
widespread micro-structural changes can influence network activity.  
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7.3 Methods 
7.3.1 Participants 
Ethical approval was granted by the Imperial College Ethics Committee (ICREC, London 
2008) and written informed consent was obtained prior to scanning. Sixty volunteers were 
recruited from the community, twenty young (20-33 years) and forty old (64-81 years). 
Exclusion criteria were left-handedness, history of head trauma, depression, 
neuropsychological illness and/or an abnormal radiological report and a score of <28 on the 
MMSE. From the old group, twelve subjects were excluded due to abnormal radiological 
report; this included eleven with white matter lesions and one with an incidental finding of a 
meningioma. One was excluded due to a low MMSE score and two due to incompletion of 
the scan protocol due to claustrophobia and noise levels. This resulted in a study group of 45 
subjects which consisted of 20 young, (age range 20-33 years, median age 25 years, number 
of males=11),  and 25 old (age range 64-80 years, median age 69 years, number of males 
=10). Four members of the old group were on medication for high cholesterol levels, two 
were on medication for high blood pressure and two were on medication for both high 
cholesterol and elevated blood pressure.  
 
7.3.2 Magnetic resonance imaging 
MRI was performed on a Philips 3T system (Philips Medical Systems, Best, The 
Netherlands). Structural imaging consisted of 3D MPRAGE (as described in section 4.2.2) 
and FLAIR (TR/TI =11000ms/2800ms, TE=120ms, acquired voxel size=0.96x1.33x4, no of 
slices=27, TSE factor=41). Functional imaging consisted of  a 10 minute resting state scan 
(T2*-weighted gradient echo planar images (EPI) with whole-brain coverage, and the 
following parameters: TR=2s; TE=30ms; flip angle=90°, 32 axial slices, slice thickness 3.25 
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mm, slice gap of 0.75 mm, no of volumes =300, acquisition in ascending order (resolution: 
2.19 x 2.19 x4.0 mm)). DTI data were acquired in 64 non-collinear directions, 73 contiguous 
slices, slice thickness = 2 mm, field of view (FOV) 224 mm, matrix 128 x 128 (voxel size = 
1.75 x 1.75 x 2 mm
3
), b value = 1000 s/mm
2
, and four acquisitions with no diffusion 
weighting (b = 0 s/mm
2
). 
Image pre-processing involved realignment of EPI images, spatial smoothing using a 8 mm 
FWHM Gaussian kernel, pre-whitening using FILM (FMRIB’s Improved Linear Model) and 
temporal high-pass filtering using a cut-off frequency of 1/50 Hz. FLIRT was used to register 
EPI functional datasets into standard MNI space using the participant’s high-resolution 3D 
MPRAGE. 
 
7.3.3 Extraction of intrinsic connectivity networks using independent component analysis in a 
control group  
ICNs were extracted from previously acquired resting state study using a separate young 
control group (n=20, age range 21-30 years, median age 24, number of males= 11). All 
participants in this group were imaged under the same protocol as described in section 7.2.2, 
and were not included in the analyses reported in this Chapter. To test the frontal lobe ageing 
hypothesis four reference components that captured the (i) Default Mode (ii) Salience (iii) 
Primary Visual and (iv) Lateral Visual Networks were then selected. Networks (i) and (ii) 
contain frontal lobe nodes, whereas networks (iii) and (iv) contain posterior networks only. 
Each reference component network was then binarised and used as masks for subsequent 
analysis in the participant groups. 
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7.3.4 Functional connectivity analysis in the participant group  
Data from the resting state scans of both the younger and older groups were combined into 
one group and analysed using group temporal concatenation ICA using MELODIC. To 
control for the possible effect of age related differences in grey matter density, individual 
grey matter density maps were included in the MELODIC GLM as a confound regressor. 
Grey matter maps were extracted using FAST, registered in standard space, and smoothed to 
match the fMRI data. As in the separate young control group, ICA was used to define 25 
independent components, which were thresholded to only include voxels with p<0.05 
probability of activation.  
Dual-regression methodology (Filippini et al., 2009; Zuo et al., 2010) as described in section 
3.4.10.1 was then used to study ICN dynamics in both groups of participants. Voxel-wise 
differences in functional connectivity between the younger and older groups within each of 
the four networks were assessed with the networks identified in the young control group as 
masks.  Results were corrected for multiple comparisons by controlling for family-wise error 
rate following TFCE at p<0.05.  
To allow subsequent analyses, regions that showed age-related changes in functional 
connectivity were used to define ROIs (9 mm).  These ROIs were used to extract functional 
connectivity measures from individual subjects. The measures derived from this approach 
indexed the strength of the functional connectivity of each region to the rest of the network. 
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7.3.5 Diffusion tensor imaging analysis 
DTI analysis was performed using FSL (Smith et al., 2004). Pre-processing of the DTI data 
and the creation of a mean FA white matter skeleton for TBSS analysis were carried out as 
described in section 4.2.4.  
Separate voxel-wise statistics on the skeletonised FA data was carried out using randomise 
for each of the four networks.  To identify regions of white matter FA that correlated with 
patterns of age-related change in functional connectivity, a separate GLM for each network 
was set up using functional connectivity measures from regions within the networks that 
demonstrated age differences as a regressor. Results were corrected for multiple comparisons 
by controlling for family-wise error rate following TFCE at p<0.05. In addition, a mean 
whole brain white matter skeleton FA measure for each participant was extracted. This was 
carried out to assess the relationship between whole brain FA and cognitive impairment.  
 
7.3.6 Neuropsychological assessments 
All participants completed a standardised neuropsychological test battery sensitive to 
cognitive impairment associated with age. The cognitive functions of specific interest were 
indexed by: (i) verbal and  non-verbal reasoning ability via the Wechsler Abbreviated Scale 
of Intelligence Similarities and Matrix Reasoning subtests (Weschler, 1999); (ii) associative 
learning and memory via the immediate and delayed recall scores on the People Test from the 
Doors and People Test (Baddeley, 1994); (iii) the executive functions of  cognitive flexibility  
via the Trail Making Test (Reitan, 1958) (time to complete alternating letter and number 
Trails B by the time to complete numbers only, Trail A) and indices from the Delis–Kaplan 
Executive Function System (Delis, 2001a, 2001b), namely the Stroop test and (iv) visual 
speed of processing via the time to complete both Trail A and Trail B of the Trail Making 
184 
 
Tests. The data was tested for normality and was found to be compatible with a normal 
distribution. Age differences in cognition were assessed using independent sample t-tests on 
the neuropsychological data. 
A simple linear regression analysis was then used to test if age differences in cognition were 
predicted by (i) functional connectivity differences between the two groups within each of the 
networks; and (ii) FA changes in regions of white matter associated with functional 
connectivity loss in each of the four networks. To ensure that the age related cognitive 
differences were not related to general micro-structural changes in whole brain FA, the 
relationship between age differences in cognition and measures of whole brain FA was also 
tested. 
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7.4 Results 
7.4.1 Cognition and ageing  
After Bonferroni correction (0.05/8=0.006) for the number of measures assessed, the older 
group scored significantly worse on tests of non-verbal reasoning ability (matrix reasoning, 
t=4.016, DOF=36, p<0.001), delayed associative memory (people test: delayed, DOF=36, 
p=0.003), visual processing speed (Trail Making Test A+B, DOF=36, p<0.001) and two 
measures of executive function (Stroop, t=-3.142, DOF=36, p<0.001 and Trail Making Test 
B/A, DOF=36, p=0.002) (table 5).   
Cognitive domain Cognitive variable Young 
Mean +/- SD 
Old 
Mean +/-SD 
p value 
       
Intellectual ability: verbal/non 
verbal 
WAIS similarities 29+/-4.37 28.28+/-6.26 0.656 
 WAIS matrix 
reasoning 
25.15+/-5.82 17.36+/-4.6 0.001 
Memory: associative memory People test immediate 
recall 
7+/-3.24 4.36+/-3.17 0.009 
Memory: delayed People test delayed 
recall 
10.5+/-1.73 7.64+/-3.95 0.003 
Processing speed: visual search 
complex 
Trail Making Test A 
(s) plus Trail making 
test B(s) 
59.19+/12.2 87.33+/28.82 0.001 
Executive function: alternating-
switch cost 
Trail making test 
Trails B/A (s) 
2.64+/-0.64 1.94+/-0.72 0.002 
Executive function: cognitive 
flexibility 
Stroop test (s) 44.4+/-10.35 58.76+/13.19 0.001 
Executive function: word 
generation fluency 
Letter fluency F +A+S 
total 
17.94+/-5.12 17.94+/- 5.18 0.897 
 
Table 5: Results of the neuropsychological assessments (n=45, old=20, young=25). In bold are 
those that showed a significant difference between the young and old group after Bonferroni correction 
yielded a significance threshold of 0.006 (0.05/8). SD = standard deviation, s=seconds, WAIS = 
Wechsler Abbreviated Intelligence Scale. 
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7.4.2 Identification of intrinsic connectivity networks using independent component analysis. 
The DMN, SN, PVN and LVN were identified using ICA in separate control group (figure 
7.1). The DMN consisted of four nodes, the vmPFC, the right and left posterior parietal and 
the precu/PCC. The SN consisted of three nodes that included the dorsal anterior cingulate 
cortex (dACC), and the left (L_Ins) and right insula (R_Ins). The PVN consisted of a single 
large node that covered V1 and V2 regions of the primary visual cortex and the LVN 
consisted regions that covered V1, V2, V3 and V4  of the visual cortex. 
 
Figure 7.1. Intrinsic connectivity networks. Sagittal and axial views of the four resting state 
networks extracted using ICA and subsequently used to assess age related functional connectivity 
differences on MNI_1mm space. (i) The Default Mode Network (DMN), consisted of four nodes, the 
ventromedial prefrontal cortex, posterior cingulate/precuneus, and the right and left lateral inferior 
parietal cortex, (ii) the Salience Network (SN) consisted of three nodes that covered the dorsal anterior 
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cingulate cortex, and bilateral insula,  (iii) the  Primary Visual Network (PVN) consisted of a single large 
node that covered V1 and V2 and of the visual cortex and the (iv) Lateral Visual Network (LVN) 
consisted of a region that covered V1, V2, V3 and V4 of the visual cortex.  
 
 
7.4.3 Ageing is associated with reduced functional connectivity in anterior and posterior 
nodes of intrinsic connectivity networks  
Within the DMN and SN functional connectivity was reduced in the medial frontal nodes of 
each network in the older compared to younger age group. The vmPFC showed reduced 
functional connectivity to the rest of the DMN, and the dACC reduced functional 
connectivity to the rest of the SN. Previous work has demonstrated that functional 
connectivity is disrupted between the PCC and the vmPFC of the DMN (Andrews-Hanna et 
al., 2007). The result reported here shows for the first time that the functional connectivity of 
the vmPFC is particularly affected by age. Similarly, the abnormality within the SN is seen 
particularly within the adjacent dACC node of the SN. These results are in keeping with the 
frontal ageing hypothesis. However, a reduction in functional connectivity was also observed 
with ageing in the LVN, which has no anterior nodes (figure 7.2). There were no differences 
in functional connectivity between the two groups within the PVN. 
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Figure 7.2. Age-related functional connectivity reduction in Intrinsic Connectivity 
Networks. Regions of reduced functional connectivity within the (A) Default Mode Network (DMN), (B) 
Salience Network (SN) and (C) Lateral Visual Network (LVN) that showed a significant difference 
between the younger and older age groups on MNI space. R = right. 
 
7.4.4 Functional connectivity differences in the Default Mode Network and Salience Network 
are associated with wide spread regions of white matter FA 
Previous studies have shown that damage to the micro-structure of white matter tracts is 
correlated with age-related changes in functional connectivity (Chen et al., 2009, Andrews-
Hanna et al., 2007). These studies have assessed particular white matter regions, which may 
fail to identify a more widespread relationship. The TBSS approach allowed exploration of 
the relationship between age differences in functional connectivity within ICNs and whole 
brain micro-structural damage.  
Reduced functional connectivity from the vmPFC to the DMN was significantly correlated 
with reduced white matter FA in wide spread regions of the brain.  These regions included 
frontal white matter, incorporating the genu and body of the corpus callosum (figure 7.3, A, 
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B) the right external capsule, and posteriorly, small regions of the right optic radiation (figure 
7.3 C). Similarly, age-related reduction in functional connectivity between the dACC to the 
rest of the SN was significantly correlated with extensive regions of FA decline in the white 
matter of the brain. This included widespread regions of the frontal white matter including 
the genu and body of the corpus callosum (figure 7.3 D, E), the bilateral cingula, the fornix, 
right anterior and bilateral posterior limbs of the internal capsule, the right and left  external 
capsules and the right optic radiation (figure 7.3 E, F). Reduced functional connectivity 
within the LVN did not significantly correlate with reduced white matter FA in any region of 
the brain. 
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Figure 7.3. Regions of white matter FA associated with reduced functional connectivity 
in the DMN (red/yellow) and SN (blue/ light blue) on MNI space. Black regions are white 
matter tracts that showed no association with diminished functional connectivity. Reduced functional 
connectivity in the DMN and SN was associated with reduced white matter FA in the genu and body of 
the corpus callosum (A and D), extensive regions of frontal white matter (B and E) and right external 
capsule (C and F).  Functional connectivity loss in the SN was also included the fornix (D), bilateral 
external capsules, bilateral posterior limb of the internal capsules, right anterior limb of the internal 
capsule, right optic radiation and bilateral cingula (F). R=right, L=left. 
 
7.4.5 Structural and functional connectivity reductions in the Default Mode Network and 
Salience Network predict age differences in executive function. 
Functional connectivity reductions in the DMN and SN, but not the LVN, predicted cognitive 
performance. After Bonferroni correction, reduced functional connectivity in the vmPFC to 
the rest of the DMN predicted measures of intellectual ability (matrix reasoning; r
2
=0.161, 
p<0.05). Reduced functional connectivity in the SN predicted measures of intellectual ability 
(matrix reasoning; r
2
=0.181, p<0.05) and processing speed (Trail Making Test A+B; 
r
2
=0.183, p<0.05) (figure 7.4, Table 2).  
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Figure 7.4.  Reduced functional connectivity and cognitive performance. Regression plots 
of reduced functional connectivity in the ventromedial prefrontal cortex of the DMN (top row) and dorsal 
anterior cingulate cortex of the SN (bottom row) against measures of intellectual ability (matrix 
reasoning) and executive function (Trail B/A and Stroop). The red regression line represents a 
significant linear relationship after Bonferroni correction. B/A=time to complete Trail Making Test 
B/Time to complete Trail Making Test A. 
 
FA in white matter regions of the brain associated with reduced functional connectivity in the 
DMN predicted tests of executive function (Trail B/A, r
2
=0.175, p<0.05; Stroop, r
2
=0.16, 
p<0.05).  FA in white matter regions of the brain associated with reduced functional 
connectivity in the SN predicted measures of speed of processing (Trail A+B, r
2
=0.566, 
p<0.01) executive function (Stroop, r
2
=0.16, p<0.01), associatve memory (Doors and people: 
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delayed r
2
=0.25, p<0.01), and intellectual ability (matrix reasoning; r
2
=0.48, p<0.05) (figure 
7.5, table 2). 
 
Figure 7.5.  Reduced Structural connectivity and cognitive performance. Regression plots 
of FA in white matter regions of the brain associated with reduced functional connectivity in the DMN 
(top row) and SN (bottom row) against measures of intellectual ability (matrix reasoning) and executive 
function (Trail B/A and Stroop). The red regression line represents a significant linear relationship after 
Bonferroni correction. 
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Whole brain white matter FA predicated tests of processing speed (Trail A+Trail B; r²=0.515, 
p<0.001) (figure 7.6) and delayed associative memory (r²=0.22, p<0.001).  
                   
Figure 7.6. Whole brain white matter FA predicts speed of processing. Measures of 
processing speed (Trail A+Trail B) plotted against whole brain FA. The red regression line represents a 
significant linear relationship after Bonferroni correction. 
 
Functional connectivity differences in the LVN did not predict scores in any of the cognitive 
domains (table 6). As the functional connectivity in the Primary Visual Network did not show 
any relationship to age or white matter FA, its effect on cognition was not tested.  
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Table 6: Results for the regression analysis between age differences in cognition with 
functional and structural connectivity in the Default Mode Network (DMN), Salience 
Network (SN), the Lateral Visual Network (LVN) and whole brain white matter FA 
measures. (Bold indicated those that survived Bonferroni correction 0.05/5).  
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7.5 Discussion 
The aims of this study were to identify the regions within intrinsic connectivity networks that 
demonstrate age-differences in co-activity, its association with whole brain white matter FA 
and its impact on cognition. The study showed that age-related cognitive behaviour is 
predicted by a breakdown in functional connectivity within the medial frontal nodes of the 
DMN and SN, nodes that are typically anti-correlated for efficient cognitive control during 
attentional tasks (Menon and Uddin, 2010). The breakdown in functional connectivity within 
these vulnerable medial frontal regions was associated with damage to white matter fibres in 
widespread areas of the brain, suggesting that remote white matter damage can disrupt 
coherence of activity in ICNs.  
Intrinsic functional connectivity within large scale cognitive control networks such as the 
DMN (Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Grady et al., 2010), and more 
recently the SN (Onoda et al., 2012) is significantly decreased with advancing age. More 
specifically, Andrews-Hanna (2007) showed that functional connectivity is disrupted across 
the anterior to posterior components of the DMN with increasing age. However, none of 
these studies determined the region(s) within the networks that show a breakdown in 
functional connectivity to the rest of the network. Using dual regression to further clarify the 
impact of age on functional connectivity between regions within networks, this study shows 
for the first time that reduced functional connectivity in the medial frontal nodes of the DMN 
and SN, show a breakdown in connectivity to the rest of the network. These findings clearly 
demonstrate that functional connectivity within the medial frontal nodes of the ICNs are 
particularly vulnerable to the effects of age. Further to this, the breakdown in co-ordinated 
activity within the medial-frontal nodes of the DMN and SN predict age-related changes in 
cognitive behaviour. Recent studies have shown that the SN and DMN are two functionally 
distinct and potentially competing brain networks (Grady et al., 2010). Therefore, the 
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breakdown in co-ordinated activity at the level of the medial frontal lobe suggests reduced 
flexibility between these two nodes which may underlie age related cognitive deficits. 
While the above results show support the frontal ageing hypothesis, age-related reduction in 
functional connectivity was also found within the relatively smaller posterior LVN similar to 
the findings another recent study (Onoda et al., 2012). Specifically, functional connectivity in 
the V2/V3 region of the LVN which is responsible for orientation, spatial frequency, colour 
perception and global motion was reduced in older individuals suggesting reduced sensory 
input. However, reduced functional connectivity within the posterior LVN did not predict 
changes in cognition despite recent evidence for its association to cognitive control systems 
(Chadick and Gazzaley, 2011; Onoda et al., 2012). This may be due to visual networks 
supporting low level sensory processes which were specifically not tested for in this study. 
Whole brain voxel-wise studies of white matter changes with increasing age have shown 
widespread white matter damage, (Barrick et al., 2010; Bennett et al., 2010; Burzynska et al., 
2010), suggesting disconnection across many networks. According to Salthouse (1985) a 
major factor contributing to age-related differences cognitive functioning is a reduction with 
increased age in the speed with which many cognitive operations can be executed (Salthouse, 
1985b). Reduced speed of processing measures were strongly correlated with global white 
matter impaired structural connectivity. It was not found to be associated with FA in white 
matter regions associated with reduced functional connectivity in the DMN. The results 
therefore suggest that impaired structural connectivity across many networks may contribute 
to the general slowing down on tasks seen in ageing cohorts.  
Widespread regions of white matter FA was also significantly correlated to reduced 
functional connectivity in the medial frontal nodes of the DMN and SN. Previous studies that 
have assessed the relationship between structural and functional connectivity within networks 
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have mainly focused on specific white matter regions of interest. Both Andrews-Hanna 
(2007), and Chen et al (2009) found that white matter integrity of the genu and central semi-
ovale respectively, was associated with decreased functional coherence across the anterior 
and posterior regions of the DMN. Other studies found a relationship between functional 
connectivity and white matter integrity of tracts that directly connect cortical regions within a 
network (Teipel et al., 2010; van den Heuvel et al., 2008). From these results, it may be that 
reduced co-ordinated activity within networks is associated with damage to direct and 
indirect white matter pathways (Honey et al., 2009), suggesting a role for white matter 
damage in remote regions of the brain in disrupting network integration.  
 
Conclusion 
Age-related breakdown in co-ordinated activity within the medial frontal nodes of the DMN 
and SN, contribute to age-related changes in cognitive behaviour. This breakdown could 
imply disrupted flexibility between these two nodes during tasks that may underlie age 
related cognitive deficits. Age-related widespread damage to white matter fibres can 
influence network activity, suggesting a role for white matter damage in remote regions of 
the brain in disrupting network integration.  
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Chapter 8 
 
Age-related changes in Salience Network connectivity predict a failure of 
Default Mode Network control and executive dysfunction. 
8.0 Introduction 
Executive function declines with age, and impairments of inhibitory processing are one 
important component of this decline (Hasher et al., 1997). One aspect of executive function, 
response inhibition, can be studied using the Stop Signal Task (SST) (Coxon et al., 2012; 
Logan et al., 1984). In this task, subjects are occasionally required to stop a motor response 
that has already been started in response to an unexpected cue (the Stop Signal). This requires 
a switch from a relatively automatic to controlled response (Boehler et al., 2010). The neural 
systems involved in the attentional and inhibitory parts of this change in behaviour have been 
clearly defined in younger adults (Sharp et al., 2010). However, the neurological mechanisms 
of age-related inhibitory deficits in older adults remains unclear (Eyler et al., 2011). 
Efficient behaviour to external stimuli requires the co-ordinated activity of two intrinsic 
connectivity networks, the Default Mode (DMN) and Salience Networks (SN). A previous 
study demonstrated that the interaction between these networks is abnormal after traumatic 
brain injury (TBI) (Bonnelle et al., 2012). Successful stopping during the SST was associated 
with activation in a predominantly right lateralised network, including the right anterior 
insula and dorsal anterior cingulate/pre-supplementary motor area (dACC/preSMA). These 
structures comprise the main nodes in the SN, which is involved in processing unexpectedly 
behaviourally salient information (Seeley et al., 2007). Stopping was also associated with a 
rapid deactivation within the precuneus/posterior cingulate cortex (precu/PCC) and ventro-
medial prefrontal cortex (vmPFC) parts of the DMN. This deactivation was abnormal after 
TBI, and the failure to deactivate the precu/PCC was strongly predicted by the disruption of 
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white matter connections within the SN. In particular, damage to the tract connecting the 
right anterior insula to the dorsal anterior cingulate cortex/ pre-supplementary motor area 
(dACC/preSMA) predicted a failure to deactivate the DMN, as well as behavioural measures 
of response inhibition.   
 
8.1 Aims  
(i) use the Stop Signal Task to assess response inhibition in a young and older group of 
healthy adults. 
(ii) use functional MRI and diffusion tensor imaging (DTI) to investigate the relationship 
between white matter structure in the SN and brain function in the DMN and SN 
during response inhibition. 
 
8.2 Hypothesis 
Age-related damage to the white matter tract connecting the right anterior insula to the 
dACC/preSMA, results in uncontrolled DMN activity and executive function impairment in 
older compared to younger adults. 
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8.3 Methods 
8.3.1 Participants 
Ethical approval was granted by the Imperial College Ethics Committee (ICREC, London 
2008 and the Hammersmith and Queen Charlotte’s and Chelsea Research Ethics Committee). 
Written informed consent was obtained prior to scanning. Sixty two volunteers were recruited 
from the community, 33 young (age range 20-33 years, median = 28, males=19), and 29 old 
(age range 64-81 years, median =69.5 years, males =12). All participants performed the task 
fMRI and structural parts of the scanning protocol. Seventeen young (age range 20-30 years, 
median= 25, males = 9) and all members in the older group had additional DTI. Exclusion 
criteria were left-handedness, history of head trauma, depression, neuropsychological illness, 
gross pathology on structural MRI and a score of <28 on the Mini Mental State Examination 
(MMSE). There were no significant differences between the groups for years of education. 
Three members of the older group were on medication for hyperlipidaemia, four for 
hypertension and four for both hyperlipidaemia and hypertension.  
 
8.3.2 Magnetic resonance imaging 
MRI was performed on a Philips 3T system (Philips Medical Systems, Best, The 
Netherlands). All participants underwent structural MRI, (MPRAGE and T2 FLAIR (Fluid 
Attenuated Inversion Recovery)), and task fMRI scans. The older group and 17 of the 
younger group had additional diffusion tensor imaging (DTI). High-resolution images (T1-
weighted MPRAGE) were acquired with the following acquisition parameters: matrix size 
208 × 208; slice thickness = 1.2 mm, 0.94 mm × 0.94 mm in plane resolution, 150 slices; TR 
= 9.6 ms; TE = 4.5 ms; flip angle 8. T2 flair (TR/TI =11000ms/2800ms, TE=120ms, acquired 
voxel size ==0.96x1.33x4, no of slices=27, TSE factor=41). Functional MRI images were 
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obtained by using a T2*-weighted gradient echo planar imaging (EPI) sequence with whole-
brain coverage (TR/TE = 2,000/30; 31 ascending slices with thickness 3.25 mm, gap 0.75 
mm, voxel size 2.5 × 2.5 × 5 mm, flip angle 908, field of view (FOV) 280 × 220 × 123 mm, 
matrix 112 × 87). DTI acquisition consisted of gradients applied in 64 non-collinear 
directions using the following parameters: 73 contiguous slices, slice thickness = 2mm, FOV 
224mm, matrix 128 × 128 (voxel size = 1.75 × 1.75 ×2mm3), b value = 1000, and four 
images with no diffusion weighting (b = 0 s/mm2).   
 
8.3.3 The Stop Signal Task 
The Stop Signal Task (SST) paradigm was programmed using Matlab Psychophysics toolbox 
(Psychtoolbox-3; www.psychtoolbox.org) and stimuli presented through an IFIS-SA system 
(In Vivo Corporation). Responses were recorded through a fiber-optic response box 
(Nordicneurolab), interfaced with the stimulus presentation PC running Matlab. All 
participants performed two runs of the Stop Signal Task (SST) preceded by a simple choice 
reaction task (CRT) as described in Bonnelle et al., 2012. The CRT was identical to the SST, 
except that only go trials were presented and this was used to calculate the mean Go reaction 
time (RT) for simple trials for each participant. The SST trials start with a fixation cross that 
is presented for 500ms followed by a go-stimulus (a right or left pointing arrow). On 10% of 
the trials, the cross fixation remained on the screen (Rest trials); 20% of the trials involved an 
unpredictable stop-signal (red dot) presented at a variable delay following the go-signal (the 
stop signal delay; SSD) (Figure 1).  
 
The SSD for each participant was measured using an adaptive stair case procedure. In the 
first run of the SST, the stop signal delay (SSD: delay between the presentation of the go 
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signal and the stop signal) started at the mean go RT of the choice reaction time task minus 
200ms. Subsequently, the SSD was adaptively varied every two stop trials. If cumulative 
accuracy was >50%, the SSD was increased by 50ms; if <50%, the SSD was decreased by 
50ms. A lower limit for SSD was set to 50ms. With this staircase procedure, a “critical” SSD 
could be computed for each subject and run by averaging all trials where the probability to 
respond is equal to the probability to inhibit. This critical SSD represents the time delay 
required for the subject to succeed in withholding a response in the stop trials for half of the 
time.  
The ability of individuals to slow down on go trials was limited by providing negative 
feedback when subjects slowed their response times. Negative feedback in the form of the 
words “Speed up!” was presented on the screen in place of the subsequent trial each time a 
response was made with a reaction time above the 95th percentile of the subject’s current 
reaction time distribution. To ensure that the staircase procedure was successful, the stop 
accuracy must be close to 50%, and the strategic slowing must be within a reasonable limit. 
We therefore excluded subjects whose stop accuracy was not within 40–60% and subjects 
who had a number of negative feedbacks higher than two standard deviations above the group 
mean. SSRT, a measure of the speed of the inhibitory process (Logan et al., 1984) was 
derived by subtracting the mean SSD from the mean go RT. SSRT provides an index of 
stopping ability, such that individuals with faster SSRTs can be considered more efficient at 
stopping. 
 
With the exclusion criteria, SSRT could not be estimated on both SST runs in 3 old and 2 
young subjects. The subsequent analyses are thus reported for a sample of 32 young and 26 
older adults. 
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Figure 8.1. The Stop Signal Task (SST). Trials start with a fixation cross presented for 500 ms 
followed by a go-stimulus (a right or left pointing arrow). On 10% of the trials, the cross fixation 
remained on the screen (Rest trials); 30% of the trials involve an unpredictable stop-signal (red dot) 
presented at a variable delay following the go-signal (the stop signal delay; SSD). 
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 8.3.4 Whole brain functional MRI analysis 
Image pre-processing involved realignment of EPI images, spatial smoothing using an 8-mm 
full-width half-maximum Gaussian kernel, pre-whitening using FILM, and temporal high-
pass filtering using a cut-off frequency of 1/50 Hz. FLIRT (Zhang et al., 2001) was used to 
register EPI functional datasets into standard MNI space by using the participant’s high-
resolution T1.   
Imaging analysis was performed using FEAT (FMRI Expert Analysis Tool; Version 5.98), a 
part of FSL. Standard image pre-processing methods were used. Functional MRI data were 
analysed by using voxel-wise time series analysis within the framework of the General Linear 
Model (GLM). To this end, a design matrix was generated with a synthetic hemodynamic 
response function and its first temporal derivative. Several types of events were 
distinguished: go correct (Go), stop correct (StC), stop incorrect (StI), and Rest. We then 
performed individual and run-specific contrast of StC and Go trials. The two SST runs were 
first analysed separately and then combined by using fixed effects analysis. Mixed effects 
analysis of session and group effects was carried out using FLAME (FMRIB’s Local 
Analysis of Mixed Effects). Final statistical images were thresholded by using Gaussian 
Random Field based cluster inference with a height threshold of Z > 2.3 and a cluster 
significance threshold of p < 0.05. To control for the possible effect of inter-individual 
differences in grey matter density on BOLD, individual grey matter density maps were 
included in the FEAT GLM as a confound regressor. Grey matter maps were extracted using 
FMRIB’s Automated Segmentation Tool (FAST) (Zhang et al., 2001), registered in standard 
space, and smoothed to match the fMRI data. 
 
 
206 
 
8.3.5 Region of interest analysis 
To further investigate age differences in activation, a region of interest (ROI) analysis was 
performed using Featquery. To allow unbiased analysis of activation patterns, ROIs were 
defined based on peaks of activation during the SST on a completely separate dataset using  
the MNI co-ordinates of brain regions showing increased activation on StC>Go trials, and 
deactivation for StC>go trails based on our previous work (Bonnelle et al., 2012), table 7. A 
10mm radius sphere (ROI) was defined based on the MNI co-ordinates of activation peaks 
shown in table 7. The initial ROI analysis was carried out on 17 young individuals not 
included in the TBI study and the 26 individuals in the old group. 
 
 
Table 7: MNI co-ordinates of brain regions showing increased activation on StC>go 
trials, and deactivation for StC>go trails based on our previous work (Bonnelle et al., 
2012). These regions of interest were used to assess activity in the SN and DMN in the younger and 
older group and were used as seed/termination regions for the generation of tracts using probabilistic 
tractography (6). R_Ins= right insula, L_Ins=left insula, dACC/preSMA=dorsal anterior cingulate cortex/ 
      x y z 
R_Ins 36 24 -6 
L_Ins -36 18 0 
dACC/preSMA 0 22 46 
vmPFC -12 56 12 
precu/PCC -2 -66 18 
L_vmPFC -8 54 22 
R_vmPFC 8 54 22 
R_precu/PCC 4 -60 20 
L_precu/PCC -4 -60 20 
rIFG 44 18 16 
rTPJ 58 -40 26 
rFEF 32 8 48 
rIPS 30 -62 48 
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pre-supplementary motor area, vmPFC = ventromedial pre-frontal cortex, 
precu/PCC=precuneus/posterior cingulate cortex, rIFG= inferior frontal gyrus, rTPJ=right tempro-
parietal junction, rFEF=right frontal eye fields, rIPS=right intra-parietal sulcus, R=right, L=left. 
 
8.3.6 Diffusion Tensor Imaging analysis. 
Analysis of white matter structure was focused on tracts connecting brain regions activated 
during successful stopping. Tracts were generated between 10mm radius spherical ROI 
defined based on the peak activation or deactivation during correct Stop trials vs. Go trials 
(Table 8.1). The tracts investigated comprised of (i) tracts connecting the right (R_Ins) and 
left insula (L_Ins) to the dorsal anterior cingulate cortex and pre-supplementary motor area, 
(dACC/preSMA), comprising the anterior part of the inferior fronto-occipital fasciculus and 
the superior region of the corona radiata (ii) ventromedial prefrontal cortex (vmPFC) to 
precuneus/posterior cingulate cortex (precu/PCC) comprising of the cingulum bundles (iii) 
right inferior frontal gyrus (rIFG) to the pre-supplementary motor area (preSMA) (iv) rIFG to 
right temporo-parietal junction (rTPJ) consisting of part of the superior longitudinal 
fasciculus (v) right frontal eye field (rFEF)  to right intra parietal sulcus (rIPS) (vi) right 
insula to right frontal eye field (R_Ins-rFEF) and (vii) right insula to right intra parietal sulcus 
(R_Ins-rIPS). These seven tracts were used as masks for the ROI analysis of white matter 
integrity in the younger and older groups. The methods used to generate the tracts and to 
extract mean FA are described below. 
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8.3.7 Generation of the white matter tracts 
Individual tractography was performed in a separate group of 10 young healthy controls (6 
males, mean age = 23 ± 2.5). For each tract connecting a pair of regions A and B, 
tractography was performed from A to B and from B to A. The two resulting thresholded 
(25%) tracts were then averaged and binarised. FA maps were nonlinearly warped and 
registered to the 1-mm FMRIB MNI FA template, by using FSL FNIRT (FMRIB’s non-
linear Image Registration Tool), and the obtained transformations were used to bring the 
individual tractography outputs to the standard space. The projected tracts were then 
averaged across the 10 subjects. For the resulting tracts, a conservative threshold 
corresponding to 5% of voxels with highest connectivity values was used. The tracts were 
projected into each individual’s DTI space by using the inverse of the nonlinear 
transformation used to align the subject-space FA maps to the MNI template. To reduce the 
possibility of sampling non-white matter regions the transformed tracts were constrained 
within a white matter tracts mask derived from TBSS (Smith et al., 2006). A mean FA image 
was created by using the FA maps aligned to the MNI template and then thinned to generate a 
“skeleton” representing the centre of the tracts. The obtained skeleton maps were binarised 
and applied to the masks of the tracts to obtain one mean FA value per tract and per subject. 
Mean FA values were thus calculated from the area of overlap between the whole white 
matter skeleton and the mask of the particular tract in individual space. 
 
8.3.8 Behaviour and Default Mode Network activity 
To assess whether deactivation within the DMN during the SST predicted task behaviour, the 
older group were split on the basis of their ability to decrease activity within the precu/PCC. 
Subjects with more precu/PCC deactivation than the group median deactivation were 
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classified as ‘good deactivators’ and the others as ‘poor deactivators’. An independent T-test 
was then used to investigate differences in SSRT between the groups. 
An investigation into whether coupling of activity in the SN and DMN was correlated with 
behaviour was then carried out. Linear regression analysis was used to measure the coupling 
of activity across the SN (R_Ins and dACC/preSMA) and the DMN (vmPFC and precu/PCC) 
in the younger and older group. To investigate age-related changes in coupling within nodes 
of the DMN and SN the slope of the regression line in the younger group was used to predict 
the activity in one network node based on the observed activity of the other e.g. vmPFC 
activity given activity in the PCC for the DMN. The absolute difference between the actual 
value and predicted value was used as a measure of decoupling of activity across the network. 
To assess if these measures of decoupling were associated with behaviour and structural 
integrity, a regression was performed between measures of decoupling across the network 
and (i) task behaviour measures, and (ii) structural integrity within the SN (R_Ins-
dACC/preSMA) and DMN (left and right cingulum).   
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8.4 Results 
8.4.1 Age-related inefficiencies in behaviour during the Stop Signal Task  
Age-related changes in behaviour on the SST were in keeping with recent work (Coxon et al., 
2012). The adaptive staircase procedure we employed produced similar stop trial accuracy in 
both young and old groups (table 8.2). However, the older group had slower inhibitory 
reaction times (stop signal reaction time (SSRT)) (t=-2.742, DOF=41, p=0.037). In addition, 
during simple Go trials, the older group had longer mean reaction times (t=-8.24, DOF=41, 
p<0.001) and were less accurate (t=2.23, DOF=41, p=0.023). Subjects were instructed to 
speed up if reaction times were too slow, and the older group also had a significantly larger 
number of this type of negative feedback (t=-3.22, DOF=41, p=0.0015). There were no other 
behavioural differences between the two groups (table 8).  
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  1st run SST  2nd run SST  mean 2 runs 
OLD       
Mean RT (s)  0.61 2+/- 0.13**  0.63 +/- 0.14**  0.62 +/- 0.14** 
Go accuracy, %  0.955 +/- 0.06*  0.95 +/- 0.09*  0.95 +/- 0.07* 
Stop accuracy, %  0.495 +/- 0.04  0.511 +/- 0.04  0.503 +/- 0.04 
Neg feedback  19.2 +/- 9.7*  20.2 +/- 11.1*  19.7 +/- 10.1* 
IIV  0.196 +/- 0.02  0.18 +/- 0.03  0.179 +/- 0.04 
SSRT (s)  0.25 +/- 0.04*  0.256 +/- 0.04*  0.25 +/ -0.03* 
YOUNG       
Mean RT  0.401 +/- 0.044  0.39 +/- 0.05  0.39 +/- 0.04 
Go accuracy, %  0.985 +/- 0.013  0.985 +/- 0.031  0.986 +/- 0.02 
Stop accuracy, %  0.51 +/- 0.035  0.501 +/- 0.03  0.501 +/- 0.02 
Neg feedback  11.23 +/- 4.68  10.94 +/- 6.06  11.08 +/- 4.84 
IIV  0.18 +/- 0.04  0.176 +/- 0.04  0.17 +/- 0.04 
SSRT (s)  0.243 +/- 0.028  0.229 +/- 0.023  0.236 +/- 0.023 
 
Table 8: Behavioural results for the younger (N=17) and older group (N=26) for the 
stop signal task (SST).  Only behavioural results from subjects whose SSRT could be estimated on 
both SST runs are presented (26 old and 17 young). Mean reaction times (RT) for correct Go trials, 
percentage accuracy on go and stop trials, number of negative feedbacks, intra-individual variability of 
go reaction time (IIV), and SSRT are reported (+/- SD). *p < 0.05 **p<0.01 (significant differences 
between old and young). 
 
8.4.2 Successful stopping is associated with activation of the Salience Network and 
deactivation of the Default Mode Network. 
The contrast of successful Stop and Go trials (StC vs Go) demonstrates brain regions 
involved in attentional capture of the stop signal and the inhibition of a motor response. 
Similar brain regions were activated for both the younger and older groups. As expected a 
mainly right lateralised network of regions involved in cognitive control were seen (Garavan 
et al., 1999; Sharp et al., 2010). Activity was observed in the right inferior frontal gyrus 
(rIFG), the right insula (R_Ins), the middle and superior frontal gyri, and within the dorsal 
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ACC and preSMA (dACC/preSMA). More posteriorly, activation was observed within the 
right supramarginal gyrus, the right temporo-parietal junction (rTPJ), the right intraparietal 
sulcus (rIPS), and the lateral occipital cortices. In addition, older people demonstrated 
activation in the left frontal lobe, with prominent activation in the left insula (L_Ins) (figure 
8.2). 
The reverse contrast of Go and successful Stop trials (Go vs StC) showed regions with more 
activity during Go trials, i.e. regions relatively deactivated during stopping. Extensive parts of 
the DMN were deactivated during stopping in the young group (figure 8.2), replicating the 
previous observations in a new group of subjects (Bonnelle et al., 2012). In contrast, there 
was no significant DMN deactivation in the older group. 
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Figure 8.2. Whole brain functional analysis. (A) Brain activation associated with Stop Correct 
(StC) > Go trials for the younger group. (B) Brain activation associated with StC > Go trials for the older 
group. (C) Brain regions showing greater brain activation for Go than StC trials in the young group. 
Go>StC in the older groups showed no significant activation. Results are shown on MNI 152 T1 1mm 
brain template. All results were cluster corrected Z = 2.3, p < 0.05. 
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8.4.3 Age-related reduction of Default Mode Network deactivation 
To further test the specific hypothesis that ageing would be associated with less deactivation 
of the DMN, an investigation was carried out on brain areas showing activation or 
deactivation during successful stopping. These regions were defined from the results of a 
separate group of young subjects not included in this analysis. The older group showed 
greater activity in the precu/PCC during successful stopping compared to the younger group 
(figure 8.3), which was associated with less efficient inhibitory control as indicated by longer 
SSRTs. The increased precu/PCC activity reflected an inability to sufficiently deactivate the 
DMN during stopping. Activity within the SN did not show any significant group differences. 
 
Figure 8.3. Region of interest analysis. Older adults show less default mode network deactivation 
during stopping. Activation associated with the contrast of StC>Go in the right insula (R_Ins), left insula 
(L_Ins) and dorsal anterior cingulate cortex/pre-supplementary motor area(dACC/preSMA) of the 
Salience Network (SN), and ventro-medial prefrontal cortex (vmPFC) and precuneus/ posterior 
cingulate cortex (precu/PCC) of the DMN for the young (blue) and old (grey) groups. Bars represent the 
standard error of the mean. * = p < 0.05 difference between the two groups. 
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8.4.4 Reduced structural integrity in the connections of the Salience Network predicts Default 
Mode Network deactivation in the older group. 
Fractional anisotropy (FA) was used as a measure of white matter structural integrity (Song et 
al., 2002). As expected, the older group showed significantly reduced FA in a number of 
white matter tracts. After correcting for multiple comparisons the following tracts showed 
reduced FA in old subjects relative to controls: R_Ins to dACC/preSMA (t=3.41, DOF=37, 
p=0.002), right cingulum bundle (t=3.036, DOF=37, p=0.004) and the rIFG to rTPJ (t=3.026, 
DOF=37, p=0.004). There was no significant difference in FA in the other tracts studied 
(figure 8.4).  
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Figure 8.4. Comparison of white matter structure between young and old adults. White 
matter tracts of interest are represented in 3D on the MNI-152 T1 1-mm brain 3D template (A) and in 
2D on axial MNI-152 T1 1-mm brain views, overlaid on tract-based spatial statistics (TBSS) white 
matter skeleton (green) (C). (A) The resulting tracts are shown for the connections between dorsal 
anterior cingulate cortex to right insula (R_Ins-dACC/preSMA), (red)), the left and right cingula (blue),  
tract connecting  right frontal eye fields and right intra parietal sulcus (rFEF-rIPS, (light blue)), tract 
connecting  right inferior frontal gyrus and pre-somatosensory association cortex (rIFG-preSMA, 
(yellow)), tract connecting  right inferior frontal gyrus and right tempro-parietal junction (rIFG-rTPJ, 
(pink)). (B) The bar charts show FA within each tract compared between young (blue) and old (grey). 
Bars represent the standard error of the mean. R=right, L=left, *=p < 0.05. 
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In the older group, it was investigated whether age-related changes in SN white matter 
connections predicted altered DMN activity. Specifically, whether the age-related alteration 
in precu/PCC activity was predicted by variability in the FA of white matter tracts in the 
older group. Since failure to deactivate the DMN on task may be a marker of impairment, the 
older group were split into those who showed precu/PCC deactivation above or below the 
median value for the group. As in previous work (Bonnelle et al., 2012), a binary logistic 
regression was used where measures of FA for all of the tracts were simultaneously included 
in an analysis aimed at classifying the older group into those who showed above the median 
value of precu/PCC activation. In striking similarity to the TBI results (Bonnelle et al., 2012), 
a significant model was generated whereby only the structure of the R_Ins-dACC/preSMA 
connection remained. The model resulted in classification of the two groups with 69% 
accuracy (χ2 = 4.019, DOF = 1, p = 0.045, one tailed). This was not a general effect of age-
related white matter damage, as average white matter FA from across the whole-brain did not 
show any relationship between FA and deactivation in the precu/PCC (r
2
=0.0004, p=0.93). 
Within the older group, there was a significant linear correlation between structural integrity 
of the R_Ins–dACC/preSMA tract and deactivation within the precu/PCC of the DMN 
(r
2
=0.396, F=15.095, DOF=25, p=0.001, figure 8.5). There was no relationship between 
R_Ins-dACC/preSMA structural integrity and activity in the SN (right insula activity; 
F=0.01, DOF=25, p=0.921; dACC/preSMA activity; F=0.24, DOF=25, p=0.627). In addition, 
there was no significant relationship between white matter tract structure and DMN activity 
in the younger group. 
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Figure 8.5. Salience Network structural integrity predicts precu/PCC deactivation in the 
DMN in older adults. (A) Coronal view of the white matter connection between R_Ins and 
dACC/preSMA (blue) overlaid on the activation map for the contrast StC > Go in the young group 
(red/yellow), superimposed on the MNI 152 T1 1-mm brain template. (B) Sagittal view of activity in the 
DMN during StC>Go superimposed on the MNI 152 T1 1-mm brain template. (C) Plot of precu/PCC 
percentage activity changes (using a 10m ROI) in the older group during StC>Go against FA measures 
within the R_Ins-dACC/preSMA tract of the SN. Red line indicates the significant negative relationship 
(p<0.01). 
 
8.4.5 Reduced structural integrity in the Salience Network is associated with Stop Signal 
Reaction Time.   
Age-related alterations in the structural integrity of tracts that connect regions showing neural 
activation during successful stopping were then tested. Structural integrity within the SN 
(R_Ins-dACC/preSMA) was associated with SSRT (r
2
=0.23, F=6.68, p=0.017). Other tracts 
investigated did not show a significant relationship with SSRT (table 9).  
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 r² F p 
    
R_Ins-dACC/preSMA 0.225 6.68 0.017* 
L_Ins-dACC/preSMA 0.005 0.11 0.745 
Left cingulum 0.09 1.155 0.29 
Right cingulum 0 0.004 0.95 
rFEF-rIPS 0.024 0.564 0.46 
rIFG-preSMA 0.009 0.218 0.645 
rIFG-rTPJ 0 0 0.995 
 
Table 9: Structural integrity of the Salience Network predicts stop signal reaction time 
(SSRT) in older adults. R_Ins-dACC/preSMA = tract connecting dorsal anterior cingulate 
cortex/presomatosensory association cortex to the right insula, L_Ins-dACC/preSMA = tract connecting 
dorsal anterior cingulate cortex/pre-supplementary motor area to left insula, rFEF-rIPS = tract 
connecting  right frontal eye fields and right intra parietal sulcus,  rIFG-preSMA = tract connecting  right 
inferior frontal gyrus and pre-supplementary motor area and rIFG-rTPJ = tract connecting  right inferior 
frontal gyrus and right temporo-parietal junction. * =significant  
  
8.4.6 Default Mode Network function predicts age-related changes in stop signal task 
performance. 
Finally, it was investigated whether brain activity was related to behavioural performance. 
The first analysis focused on the relative changes in activity within four regions of interest 
comprising the main nodes of the SN (R_Ins and dACC/preSMA) and DMN (vmPFC and the 
precu/PCC). There was no significant relationship between these measures and any of the 
behavioural measures during the SST. Furthermore, unlike the TBI group, there was no 
difference in SSRT between good deactivators and poor deactivators of the precu/PCC 
(t=0.041, DOF=23, p=0.97).   
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Previous work has demonstrated age-related changes in coupling of activity in the DMN, 
with increased coupling between the vmPFC and precu/PCC associated with more efficient 
behaviour (Andrews-Hanna et al., 2007; Damoiseaux et al., 2008). Therefore, a further 
investigation into whether the coupling of task-related activity changes within the DMN was 
correlated with behavioural performance in the older adults was carried out. In the young 
group, as expected, the two main nodes of each network showed strongly correlated activity 
during successful stopping i.e. activity in the R_Ins correlated with dACC/preSMA activity 
(SN), and vmPFC activity correlated with precu/PCC activity (DMN) (Figure 8.6). However, 
in the older group only the SN showed significantly correlated activity between the R_Ins and 
dACC/preSMA. 
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Figure 8.6. Disruption of DMN coupling during successful stopping. (A) Regression plots 
showing the relationship between coupling in the dACC/preSMA and R_Ins of the SN in the younger 
and older groups and in the (B)  precu/PCC and vmPFC in the DMN for the younger and older group. 
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It was then reasoned that this ‘decoupling’ of activity in the DMN might be a key factor in 
determining behavioural performance (Bonnelle et al., 2011; Hampson et al., 2006). 
Therefore, how much activity in the vmPFC deviated from that ‘predicted’ by the precu/PCC 
activity based on a regression model calculated from the young group was carried out. It was 
tested whether this deviation correlated with behavioural performance. The rationale was that 
as activity in the precu/PCC became more ‘decoupled’ from the vmPFC, attentional control 
would be impaired (Bonnelle et al., 2011). This measure of ‘decoupling’ of activity within 
the DMN predicted age-related differences in behaviour for the SST. Both SSRT and number 
of Negative Feedbacks during the task was significantly positively related to DMN disruption 
(SSRT; r²=0.217, p=0.019, Negative Feedback; r²=0.29, p=0.006). Greater DMN disruption 
resulted in more Negative Feedbacks and longer stop signal reaction times (SSRT). ‘De-
coupling’ of activity across the SN was not related to any measures of task behaviour. 
Structural integrity within the SN (R_Ins-dACC/preSMA) or DMN (right and left cingulum) 
was also not associated with decoupling of activity across the DMN. 
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8.5 Discussion 
Activation of the Salience Network and simultaneous deactivation of the Default Mode 
Network is seen when attention is focused on external events (Menon and Uddin, 2010). The 
failure of this task-dependent deactivation is seen in many disease states (Greicius and 
Menon, 2004; Harrison et al., 2007; Kennedy et al., 2006). Following traumatic brain injury 
(TBI), it has been previously demonstrated that damage to the structural connections of the 
SN results in a failure to deactivate the DMN and an impairment of executive function 
(Bonnelle et al., 2012). This study demonstrates that this phenomenon is not specific to TBI 
but is also observed in older adults without brain injury.  Structural disconnection of the SN 
in older individuals is associated with a similar pattern of functional and behavioural 
consequences. Damage to the white matter connection between the right insula (R_Ins) and 
the medial prefrontal cortex (dACC/preSMA) predicts a failure to deactivate the DMN, as 
well as less efficient response inhibition. This provides evidence that this particular white 
matter connection within the SN is important for the moment-to-moment control of DMN 
activity, and that damage to this tract, regardless of disease mechanism, can disrupt network 
interactions.  
The SN plays a critical role in high-level cognitive control (Menon and Uddin, 2010).  The 
right insula appears to be particularly important role in co-ordinating the activity of other 
brain networks in response to unexpected events that may require a change in behaviour 
(Sridharan et al., 2008). In particular, the right anterior insula of the SN appears to be 
important in coordinating the activity of other brain networks in response to unexpected 
events that may require a change in behaviour (Sridharan et al., 2008). This interaction 
appears particularly important for the DMN, where activity is often anti-correlated with that 
of the SN and the more extended Fronto-Parietal Control Network (FPCN), of which it forms 
a part (Greicius et al., 2003; Greicius and Menon, 2004; Kelly et al., 2008; Raichle et al., 
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2001). Failure to appropriately deactivate the DMN is associated with cognitive impairment 
(Spreng and Schacter, 2012). Therefore, the interaction of the R_Ins with the DMN may be 
critical for cognitive control.   
Previous work (Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Prakash et al., 2012; 
Sambataro et al., 2010), has shown that decoupling of activity across the DMN was 
associated with age-related cognitive impairment. DMN activity during cognitively 
demanding tasks where attention is directed externally is usually anti-correlated with activity 
within the FPCN (Kelly et al., 2008; Spreng and Schacter, 2012), and efficient attention to 
external stimuli requires rapid and reactive deactivation of the DMN (Persson et al., 2007). In 
many disease states, increased DMN activity during cognitively demanding tasks has been 
associated with inefficient cognitive control (Harrison et al., 2007; Kennedy et al., 2006; 
Persson et al., 2007). These results suggest that uncontrolled DMN activity during 
cognitively demanding tasks is a core mechanism for cognitive impairment. It is likely that 
high coupling between nodes of the DMN is necessary for the rapid and co-ordinated changes 
of activity levels within the DMN, and that age-related disruption of this coupling results in 
behavioural impairments by leading to relatively uncontrolled DMN activity.  
There are potential limitations to the study. The DTI analysis was focused on a relatively 
small number of tracts, although others are likely to be important for cognitive control. For 
example, tracts that connect the subthalamic nucleus to the dorsal ACC have been shown to 
predict SSRT in older populations (Coxon et al., 2012), although the study did not investigate 
this tract, as it focused on structural connections between peaks of activation observed during 
SST performance. The subthalamic nucleus was not included in the analysis because it was 
not a significant peak of activation. In addition, although both SN structural connectivity and 
decoupling of DMN activity predicted behaviour, there was no significant relationship 
between the connectivity measures. This indicates that more work is necessary to define the 
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mechanism by which the SN influences the DMN, both in terms of regional brain activity 
changes and altered coupling of activity during task. 
In conclusion the results provide evidence that the SN plays a pivotal role in goal-directed 
cognition, by influencing activity in the DMN (Bonnelle et al., 2012; Sridharan et al., 2008). 
Age-related damage to the structural integrity of the tract connecting the R_Ins to the 
dACC/preSMA of the SN predicts DMN function, as well as inhibitory performance. Hence, 
white matter damage within the Salience Network predicts failure of DMN control in two 
populations with different mechanisms of white matter damage.  This provides a general 
mechanism by which damage to a specific frontal white matter tract leads to executive 
dysfunction, in part through a failure of DMN control. 
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Chapter 9 
 
Ageing in the absence of disease is associated with reduced cognitive function. Cognitive 
function depends on the integrated operation of large-scale distributed brain networks 
(Mesulam, 2009). The primary aim of this thesis was to test the hypothesis that age related 
cognitive decline arises from disruption to the integrated operation of large-scale networks, 
and the disrupted operation of these networks is associated with structural disconnection to 
white matter tracts.  
 
9.1 The frontal ageing hypothesis 
The frontal ageing hypothesis proposes that the structure of the frontal lobe bears the brunt of 
ageing and has been used to explain decline in cognitive domains such as executive function, 
speed of processing and memory. Assessment of thalamo-cortical network structural 
connectivity with increasing age provides some evidence to support the frontal ageing 
hypothesis. Analyses of thalamic shape and volume changes associated with healthy ageing 
showed that anterior thalamic regions incorporating the anterior and dorso-medial nuclei, 
were most markedly affected. Reduced volume of thalamo-frontal projections with age 
impacted negatively on executive function.   
The study found that the relationship between the volume of frontal cortex and its thalamic 
projection remains constant throughout ageing and is governed by a scaling law that has 
previously been described in primates (Stevens, 2001) and in infants (Kapellou et al., 2006). 
Therefore the effects of ageing operated not at the level of the cortex but on the integrated 
frontal thalamo-cortical unit. Work by Stevens (2001) suggests that the relationship between 
the number of neurons in the thalamus and the neo-cortex follow an evolutionary scaling law 
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with an exponent of 2/3.  Human brain growth obeys a similar allometric scaling relation, in 
which cortical surface area is related to cerebral volume by a scaling law with an exponent of 
2/3 (Kapellou et al., 2006). In premature infants this pattern of growth is disrupted, and the 
amount of disruption of the growth is thought to predict whether there was delayed 
development 2 years later (Kapellou et al., 2006). Work in this thesis showed that ageing in 
the absence of disease is associated with atrophy of the thalamo-frontal connections that 
follows the same allometric scaling law. However, ageing does not disrupt the allometric 
scaling relationship. Further work is needed to assess if diseases associated with ageing, such 
as dementia and Alzheimer’s is associated with disruption to this pattern of atrophy between 
the frontal cortex and thalamus and if this disruption is associated with the heightened 
executive function deficits seen in these groups (Ballesteros et al., 2013; Terada et al., 2013). 
Current research is consistent with the proposal that age-related white matter damage 
contributes to a decreased efficiency of communication among networks for fluid cognitive 
abilities (Madden et al., 2012). Although reduced thalamo-cortical connectivity demonstrated 
greater frontal lobe involvement, an investigation into whole brain white matter damage did 
not show evidence for selective involvement of the frontal lobe. There were micro-structural 
changes in the white matter across widespread regions of the brain suggesting disconnection 
across many cognitive networks affecting many cognitive domains. This has been supported 
in other cross-sectional whole-brain voxel-wise studies (Burzynska et al., 2010, Bennett et 
al., 2010).  Ageing effects on multiple neural processes was supported by the investigation 
into   functional connectivity within ICNs that occupied both anterior and posterior regions of 
the brain. Reduced functional connectivity in the DMN, SN and LVN suggested reduced 
capacity in both low level sensory and higher order cognitive processes.  
Global white matter damage was associated with reduced functional connectivity in medial 
frontal nodes of the DMN and SN. This suggested that network integration may be associated 
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with white matter micro-structural damage in wide spread regions of the brain and that 
damage to white matter tracts outside the immediate nodes of the network may impact on 
network interaction (Honey et al., 2008).   
 
9.2 Default Mode Network dysfunction and ageing  
An investigation into network integration using a stop signal task found that during the higher 
cognitive components of the task, older adults were unable to deactivate the PCC of the DMN 
efficiently. Inability to efficiently deactivate this region of the DMN has been associated with 
reduced attention (Leech et al., 2011) and mind wandering (Weissman et al., 2006). Older 
individuals inability to adequately deactivate the DMN, suggests older cohorts are more 
susceptible to mind wandering and spend less attention to the task. This supports Hascher and 
Zacks (1988) proposal that some aspects cognitive ageing are due to decreased attention to 
relevant stimuli in the environment.  
However, further analysis found that it was not deactivation of the PCC that determined poor 
performance but the disruption of functional connectivity between the PCC and the vmPFC 
of the DMN during inhibition of the stop response. Disruption to functional connectivity 
across the anterior and posterior nodes of the DMN is associated with increasing age 
(Andres-Hanna et al., 2007) and cognitive performance (Damoiseaux et al., 2008). In this 
work, the older group demonstrated greater disruption of co-deactivation across the anterior 
and posterior nodes of the DMN during the stop signal task. The degree of disruption of co-
deactivation across the DMN determined task behaviour, that is, the greater the disruption to 
co-deactivation between the two nodes resulted in poorer performance on the task. Individual 
differences in functional connectivity between the PCC and the vmPFC are known to 
correlate with improved performance on a working memory task (Hampson et al., 2006). 
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Therefore, the results indicate that disruption to DMN co-deactivation is an underlying factor 
in cognitive deficits associated with increasing age. 
 
9.3 The Salience network 
The Salience Network has been associated with complex social emotions (Immordino-Yang 
et al., 2009; Singer et al., 2004). Hence irregularity in the function of the Salience Network 
has been associated with autism spectrum disorders (Uddin and Menon, 2009) and 
psychiatric disorders such as schizophrenia (White et al., 2013) and bipolar disease (Mamah 
et al., 2013). Network analysis suggests a critical role for the insula, particularly the anterior 
division, in high-level cognitive control and attentional processes, by facilitating switching 
between other large-scale networks enabling access to attention and working memory 
resources when a salient event is detected (Menon and Uddin, 2010).  Within the older adult 
group damage to the white matter tract within the SN determined failure to deactivate the 
DMN and behaviour during the stop signal task. This suggests that SN plays a pivotal role in 
goal-directed attention to salient events by influencing activity in the DMN (Bonnelle et al., 
2012; Sridharan et al., 2008).  
Uniquely, the Salience Network contains von Economo neurons. These are large, slender, 
bipolar neurons located almost exclusively in layer 5 of the dACC and insula cortex and are 
more numerous in the right insula cortex. The morphology of these neurons appears to allow 
rapid communication between the dACC and the anterior insula cortex (Allman et al., 2010). 
The large size and simple dendritic structure of these projection neurons appear evolved to 
allow rapid communication between the dACC and the anterior insula cortex.  This could 
explain why damage to the connectivity of the SN might be particularly disruptive to the 
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rapid changes in network activity that accompany the response to unexpected but 
behaviourally relevant events. 
Further to this Nimchinsky et al. (1995) demonstrated von Economo neurons to be 
phylogenetically restricted to humans and other large-brained mammals with complex 
sociality, including great apes, cetaceans, and elephants. It is possible that von Economo 
Neurons represent an obligatory neuronal adaptation in species with larger brain to body size 
ratio, permitting fast information processing along highly specific projections that have 
evolved in relation to emerging social and cognitive behaviours (Butti et al., 2013). Damage 
to these neurons may therefore implicate a myriad of social and cognitive impairments that 
are almost exclusive to human adults. Although loss of these neurons have been linked with 
fronto-temporal dementia (Seeley et al., 2006), to date there has been no published work on 
age-related histological changes to these neurons in healthy ageing.   
Menon and colleagues (2010) propose a model whereby sensory and limbic inputs are 
processed by the anterior insula, which then interacts with other brain networks to regulate 
their activity (figure 9.1). The work in this thesis adds to the Menon and Uddin model (2010), 
by demonstrating that the structural integrity of the white matter tract connecting the right 
insula to the dACC/preSMA within the SN determines the down regulation of the DMN 
during high levels of cognitive control (figure 9.1).  This model provides a possible general 
mechanism by which damage to a specific frontal white matter tract leads to executive 
dysfunction. 
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Figure 9.1. Network model of SN and DMN interaction during higher cognitive demand 
in young and old groups (adapted from Menon et al., 2010). In this model salient sensory input 
is processed by the insula of the Salient Network. In the young group, strong structural integrity 
between the right insula (R_Ins) and the dACC/preSMA in the Salience Network (solid blue arrow) is 
associated with successful deactivation of the precu/PCC of the DMN (solid white arrow). This allows 
efficient attention to the salient input leading to optimal behaviour. In the older group, reduced structural 
integrity in the Salience Network (dashed blue line) is associated with inefficient deactivation of the 
precu/PCC, which leads to decoupling of activity across the DMN (dashed white arrow), inefficient 
attention to the salient input and sub-optimal behaviour. 
 
In conclusion, DMN dysfunction is an underlying factor in cognitive deficits associated with 
increasing age, and white matter damage interrupts the interaction between large-scale 
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networks in the ageing brain. The proposed model of executive control deficit due to frontal 
white matter damage in the SN could be extended to other groups with known white matter 
deficits. Recent evidence suggests that adults born pre-term are at high risk for cognitive and 
psychiatric disorders (Nosarti et al., 2012). Investigations into the effects of structural 
connectivity deficits within the SN on DMN activity could elucidate cognitive and 
behavioural impairments in this group. The role of the SN may be examined further via the 
use of Dynamic Causal Modelling analysis to determine if the anterior insula determines 
DMN activity.  Studies of patients with infarctions or lesions in the regions of the SN may 
also help to provide evidence that disruption to white matter and /or network function of the 
Salience Network is associated with DMN activity and hence determines cognitive 
behaviour.  
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